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ABSTRACT 
The hunsn  i n t e r v e r t e b r a l  d i s c  i s  a  h i g h l y  inhomogeneous f i b e r  
c o m p o s i t e  p r e s s u r e  v e s s e l .  I f  damaqed i n  t h e  ~ o s t - i n f a n t  s t a g e ,  t h e  
d i s c  d o e s  n o t  r e p a i r  and may need s u r q i c a l  c o r r e c t i o n .  D i a g n o s i s  
o f  whether  a  d i s c  i s  damaged i s  d i f f i c u l t  a t  b e s t  a n d ,  a t  t h i s  t i m e ,  
i n v o l v e s  i n v a s i v e  t e c h n i q u e s  which a r e  n o t  f r e e  o f  ctanqer ( i n j e c t i o n  
o f  x - ray  opaque  l i q u i d s ) .  S t a r t i n g  from a  d e s i r e  t o  d e v e l o o  a non- 
i n v a s i v e  d i a g n o s t i c  t e c h n i q u e  based  on  x - r ay  and c o n ~ u t e r  a i d e d  
image enhancement ,  w e  became i n t e r e s t e d  i n  t h e  mechan ica l  p r o n e r t i 2 s  
o f  t h e  d i s c .  These would be i m p o r t a n t  i n  q a g i n q  t h e  x - r ay  d e t e c t e d  
d e f o r m a t i o n s  o f  t h e  d i s c  under  v a r i o u s  l o a d s .  Durinq t h e  c o u r s e  ? f  
t h i s  work w e  became aware  o f  a n o t h e r  need o f  d i a g n o s t i c s  r e l a t e d  
t o  e s t i m a t i n g  t h e  p r o c l i v i t y  o f  a n  i n t a c t  d i s c  t o  s u s t a i n  damage 
under u n u s u a l  l o a d s .  I t  t u r n s  o u t  t h a t  t h e  wat2r c o n t e n t  o f  t h e  
d i s c  m a t e r i a l  d o m i n a t e s  i t s  mechanic31 b e h a v i o r .  S i n c e  modern 
med ica l  e q u i n i n ~ n t  such  a s  t h e  EMI-x-ray body-scanner a a y  r s c o r d  
q u a n t i t a t i v e l y  t h e  w a t e r  c o n t e n t  o f  t h e  i n t z r n a l  body o r q a n s ,  
t h e  p o s s i b i l i t y  e x i s t s  t o  q a g e  in -v ivo  w a t e r  c o n t e n t  measurements  
w i t h  t h e  m e c h a n i c a l  pe r fo rmance  o f  d i s c s .  
Because t h e  l a y e r s  o f  t h e  d i s c ' s  a n n u l u s  f i b r o s u s  a r e  s o  
t h i n ,  w e  have  had d i f f i c u l t y  i n  p r e p a r i n g  s i n g l e - l a y e r  s2ec imens .  
So f a r ,  we have  worked m a i n l y  w i t h  t h r e e - l a v e r  spec imens .  T h a t  
t e s t  geomet ry  h a s  b e e n  s u f f i c i e n t  t o  e s t a b l i s h  s e v e r a l  i m o o r t a n t  
a s p e c t s  o f  t h e  m e c h a n i c a l  p r o p e r t i e s .  
We f i n d  t h a t  t h e  r e l a x a t i o n  b e h a v i o r  i s  v e r y  s e n s i t i v e  t o  
m o i s t u r e  c o n t e n t .  A c c o r d i n g l y  w e  have  worked w i t h  c a r e f u l l y  
c o n t r o l l e d  e n v i r o n m e n t s  i n c l u d i n g  s a l i n e  s o l u t i o n s  c l a i m e d  t o  
r e p r e s e n t  body c o n d i t i o n s .  A major  d i f f i c u l t y  i n  o b t a i n i n q  
r e p e a t a b l e  r e s u l t s  i s  o b t a i n i n q  s t r a i g h t  t e s t  spec imens  and 
h o l d i n g  them i n  t h e  c l a m ~ s  o f  t h e  t e s t i n q  a p o a r a t u s .  I f  m o i s t u r e  
and t e m p e r a t u r e  c o n d i t i o n i n g  was r e p e a t e d  w i t h o u t  r ec l ampinq  
t h e  spec imen ,  r e a s o n a b l y  r e p e a t a b l e  r e s u l t s  were o b t a i n e d .  No 
a g i n g  was o b s e r v e d  a f t e r  r e p e a t e d  d r y i n g  and m o i s t u r i z i n q  c y c l e s .  
We a l s o  found t h a t  w a t e r  d i f f u s e s  s l o w l y  i n  t h e  l a y e r s .  The 
w a t e r  a p p a r e n t l y  a c t s  s i m i l a r  t o  a  s o l v e n t  i n  a po lymer ,  e f f e c t i n g  
a  change  i n  t h e  r e l a x a t i o n  t i m e s .  I n c r e a s i n g  wa te r  c o n t e n t  c a u s e s  
s h o r t e n i n g  o f  r e l a x a t i o n  t i m e s ,  d r y i n g  h a v i n q  t h e  o p p o s i t e  e f f e c t .  
Upon c o n t r o l l i n g  t h e  w a t e r  c o n t e n t  o f  t h e  spec imen we a r e  t h u s  a b l e  
t o  measure  t h e  r e l a x a t i o n  b e h a v i o r  i n  v a r i o u s  t i m e  domains .  D3ta 
c o v e r i n g  a  wide  s p e c t r u m  o f  r e l a x a t i o n  t iaes is  p r e s e n t e d  which 
i n c l u d e s  a l l  time s c a l e s  e x p e r i e n c e d  by  t h e  human body.  T h i s  
mechan ica l  c h a r a c t e r i z a t i o n  g i v e s  u s  an  e s t i m a t e  o f  how d i s c s  
r e spond  t o  d i f f e r e n t  r a t e s  o f  d e f o r m a t i o n  and  l o a d i n q  c o n d i t i o n s .  
I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  w i t h  a g e  ( p a s t  a g e  30 )  t h e  
m o i s t u r e  c o n t e n t  o f  t h e  human d i s c  d e c r e a s e s  ( p o s s i b l e  o t h e r  c h a n g e s  
i n v o l v i n g  i n c r e a s e d  c r o s s - l i n k  d e n s i t y  o f  t h e  m u c o p o l y s a c c h a r i d e s  
a s  w e l l  a s  a n  exchange  o f  m u c o p o l y s a c c h a r i d e s  f o r  c o l l a q e n ) .  A s  a 
r e s u l t  one  would e x p e c t  t h e  human i n t e r v e r t e b r a l  d i s c  t o  r e a c t  more 
s t i f f l y  w i t h  i n c r e a s i n q  a g e  under  n e a r l y  c o n s t a n t  s o e e d s  o f  m o t i o n .  
Combining t h i s  o b s e r v a t i o n  w i t h  t h e  c h a n g e s  i n  t h e  v i q o r  o f  n o t o r /  
musc l e  a c t i v i t y  a s  a f u n c t i o n  o f  a g e  a l l o w s  a  t e n t a t i v e  e x p l a n a t i o n  
o f  t h e  s t a t i s t i c  t h a t  t h e  l a r q e s t  i n c i d e n c e  o f  d i s c  ~ r o b l e i n s  o c c u r  
a round age  40-50. 
S e c t i o n  
. 
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v i i i  
I .  INTRODUCTION 
The human s p i n e  c o n s i s t s  o f  a  s e r i e s  o f  v e r t e b r a e  which a r e  
s e p a r a t e d  from e a c h  o t h e r  by  i n t e r v e r t e b r a l  d i s c s  and s u r r o u n d e d  by 
l i g a m e n t s  and m u s c l e s .  The main m e c h a n i c a l  f u n c t i o n  o f  t h e  s p i n e  i s  
t o  s u p p o r t  t h e  upper  body and t r a n s m i t  t h e  w e i q h t / f o r c e  t o  t h e  l e g s .  
The d i s c s ,  which c o n t r i b u t e  a p p r o x i m a t e l y  o n e - q u a r t e r  t o  o n e - t h i r d  
o f  t h e  o v e r a l l  l e n g t h  o f  t h e  s p i n e ,  a l l o w  d e f o r m a t i o n s  o f  t h e  s p i n e ,  
a c t  a s  e n e r q y  a b s o r b e r s  and r e d i s t r i b u t e  t h e  f o r c e s ,  t h a t  o c c u r  
p r i m a r i l y  i n  t h e  v e r t i c a l  a x i s  of t h e  s p i n e ,  e v e n l y  i n  a l l  d i r e c -  
t i o n s .  The low back  r e g i o n  o f  t h e  s p i n e ,  known a s  t h e  lumbar  
r e g i o n ,  i s  s u b j e c t e d  t o  mos t  o f  t h e  l o a d  which may c a u s e  lumbar  
6 i s c  p rob lems .  S i n c e  a  l a r g e  p e r c e n t a q e  o f  t h e  w o r l d B s  p o p u l a t i o n  
s u f f e r s  f rom back  d i s o r d e r s ,  t h e s e  p rob lems  a r e  i m p o r t a n t  i n  
p r e s e n t - d a y  s o c i e t y  f rom b o t h  s o c i a l  and m e d i c a l  p o i n t s  o f  view.  
I t  h a s  been  r e p o r t e d  t h a t  i n  t h e  Un i t ed  S t a t e s  a l o n e ,  6 . 5  m i l l i o n  
p e o p l e  have back  o r  s p i n e  i m p a i r m e n t s ,  and  a b o u t  500,000 w o r k e r s  
p e r  y e a r  s u f f e r  back  i n j u r i e s  ( R e f s .  1 and 2 ) .  However, d e t a i l e d  
s t a t i s t i c a l  i n f o r m a t i o n  i s  n o t  a v a i l a b l e  t o  u s  a t  t h i s  time. 
A f r e q u e n t  p roblem i s  t h a t  o f  t h e  " h e r n i a t e d  d i s c "  o r  
" a n n u l a r  r u p t u r e  ," o f t e n  i m p r o p e r l y  c a l l e d  " s l i p p e d  d i s c , "  which  
i s  d d f i n e d  a s  t h e  e x t r u s i o n  o f  t h e  j e l l y - l i k e  m a t e r i a l  f rom t h e  
c e n t e r  o f  a  d i s c  ( n u c l e u s  p u l p o s u s )  t h r o u g h  t h e  d i s c  w a l l  ( a n n u l u s  
f i b r o s u s )  . T h i s  e x t r u s i o n  o c c u r s  mos t  f r e q u e n t l y  i n  t h e  p o s t e r i o r  
p o r t i o n  o f  t h e  d i s c .  Al though i t  r a r e l y  r e s u l t s  i n  d e a t h ,  m o r b i d i t y  
i s  h i g h ,  i n c o n v e n i e n c e  g r e a t ,  and economic bu rden  s i q n i f i c a n t .  
Some of t h e  known c2uses  o f  d i s c  h e r n i a t i o n  a r e :  
(1) I m p r o p e r  w e i g h t  l i f t i n q  ( T h i s  i s  a m a j o r  s o u r c e  o f  d i s -  
a b i l i t y ,  s u f f e r i n g ,  and  e x p e n s e  t o  i n d u s t r i a l  w o r k e r s . )  
( 2 )  Any f a l l  i n  w h i c h  t h z  l o w e r  e x t r e s i t i e s  s l i p  f o r w a r d ,  
c a u s i n q  a  p e r s o n  t o  l a n d  d i r e c t l y  o n  h i s  b u t t o c k s .  
( 3 )  C y c l i c  s t r e s s  ( i . e . ,  " m a r c h i n g  s t r e s s "  i n  p e o p l e  
* m a r c h i n g  u n d e r  h e a v y  p a c k s  f o r  a n  e x t e n d e d  time p e r i o d ) .  
( 4 )  I rnoropzr  p o s t u r e  f o r  a n  e x t e n d e d  time p e r i o d .  
( 5 )  J e t  p i l o t  s e a t  e j e c t i o n .  
( 6 )  P a r a t r o o p e r  l a n d i n q .  
(7) s n o w n o b i l e  and  h o r s e b a c k  r i d i n g  i n j u r i e s  which  c a n  o c c u r  
when t h e  b u t t o c k s  r e p e a t e d l y  i m p a c t  t h ?  s e a t  d u r i n q  a 
r o u g h  r i d e .  
A l l  o f  t h e s e  c a u s e s  n a y  r e s u l t  i n  l u m b a r  d i s c  h e r n i a t i o n  
p r o b l e m s ,  s u c h  a s  a n n u l a r  r u p t u r e  o r  2 n d - ? l a t e  r u g t u r e  known a s  
S c h m o r l ' s  n o d e ,  which  a r e  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  111-3.  
F u r t h e r m o r e ,  t h e  t r a u m a s  c a u s e d  b y  autonobile a c c i d e n t s ,  c e r t a i n  
a t h l e t i c  a c t i v i t i e s  ( w h e r e  i n n r o p e r  t w i s t i n q  an? b e n d i n q  may 
o c c u r ) ,  some k i n d s  o f  d a n c i n q ,  a n d  t h e  i n f l u e n c e  o f  a q e  a r e  
c o n s i d e r e d  a s  a d d i t i o n a l  s i g n i f i c a n t  f a c t o r s  i n  t h e  o c c u r r e n c e  
o f  t h i s  p r o b l e m .  
I n  c o m b a t t i n g  t h e s e  l u ~ b a r  d i s c  p r o b l e m s ,  r e l i a b l e  d i a g n o s t i c  
m e t h o d s  a r e  n e e d e d  f o r  t h e i r  i d e n t i f i c a t i o n .  P r e s e n t l y ,  t h e  
t e c h n i q u e s  i n  u s e  a r e  e x t e r i o r  o r  s u p e r f i c i a l  p h y s i c a l  e x a m i n a t i o n  
and c o n v e n t i o n a l  r ad ioq ra rns  o f  t h e  l u m b o s a c r a l  s p i n e .  N e i t h e r  o f  
t h e s e  h a s  proved  t o  b e  r e a l l y  s a t i s f a c t o r y .  L e t  u s  b r i e f l y  l o o k  
a t  t h e s e  t e c h n i u u e s  and t h e i r  l i m i t a t i o n s .  
The e x t e r i o r  p h y s i c a l  e x a m i n a t i o n  i s  based  on  t e s t i n g  j o i n t  
mo t ions  i n  t h e  back and  t h e  l e q s .  I n  a d d i t i o n ,  t h e  n e u r o l o q i c a l  
a c t i v i t y  i s  checked  b y  t e s t i n g  t h e  rnuscle and s e n s o r y  a c t i v i t y .  
However, a l t h o u g h  low back p a i n  i s  a  v e r y  w e l l - r e c o g n i z e d  symptom, 
d i s c  h e r n i a t i o n  may o c c u r  a t  s i t e s  where n e r v e  r o o t s  d o  n o t  e x i s t ,  
s o  t h a t  p a i n  i s  n o t  a lways  a s s o c i a t e d  w i t h  t h i s  p roblem.  
On t h e  o t h e r  hand ,  c o n v e n t i o n a l  d i a g n o s t i c  r a d i o q r a q s ,  n e c e s s a r y  
i n  t h e  c l i n i c a l  e v a l u a t i o n  o f  a l l  p a t i e n t s  w i t h  s u c h  p rob lems ,  a r e  
based on c r u d e  q u a l i t a t i v e  v i s u a l  measurements  o f  t h e  s p a c e  between 
v e r t e b r a l  b o d i e s .  U n f o r t u n a t e l y ,  t h e s e  measurements  a s  w e l l  a s  
more a c c u r a t e  o n e s  d o  n o t  q i v e  a s a t i s f a c t o r y  c o r r e l a t i o n  t o  
c l i n i c a l  s t u d i e s  ( R e f .  1 3 ) .  T h a t  i s ,  i n  t h e  m a j o r i t y  o f  p a t i e n t s ,  
t h e  s p e c i f i c  c a u s e  o f  low back symptoms i s  n o t  a l w a y s  c l e a r l y  
d e m o n s t r a t e d  by t h e s e  r a d i o q r a m s .  I n  a d d i t i o n ,  t h e s e  r ad iog rams  
can  show, v e r y  f a i n t l y ,  some f e a t u r e s  o f  t h e  i n t e r v e r t e b r a l  d i s c  
o n l y  i f  p r o p e r l y  t a k e n .  P r e s e n t l y ,  t h e  o n l y  way t o  improve t h e  
d i a g n o s i s  o f  s u c h  p rob lems  i s  by t h e  use o f  c o n t r a s t - p r o d u c i n q  
m a t e r i a l s .  More p r e c i s e l y ,  a b e t t e r  v i s u a l i z a t i o n  of t h e  s p i n a l  
c a n a l ,  and i n d i r e c t l y  o f  t h e  d i s c ,  i s  u s u a l l y  a c h i e v e d  by means 
o f  mye log raph ic  - ( R e f s .  3 and 4 )  s t u d i e s  ( i n j e c t i o n  o f  c o n t r a s t  
m a t e r i a l  i n  t h e  lumbar  s u b a r a c h n o i d ,  o r  s p i n a l  c a n a l  s p a c e ) .  
I n  a d d i t i o n  t o  myelograghy  , ------- d i s c o g r a p h y  ( i n j e c t i o n  o f  c o n t r a s t  
m a t e r i a l  i n t o  t h e  n u c l e u s  p u l p o s u s  v i a  a  n e e d l e )  i s  used  when more 
d e t a i l e d  i n f o r m a t i o n  r e q a r d i n q  t h e  i n t e r v e r t e b r a l  d i s c  i t s e l f  i s  
r e q u i r e d  (Refs .  3 and 4 ) .  Both t e c h n i q u e s  a r e  " i n v a s i v e " ;  t h a t  i s ,  
t h e y  r e q u i r e  t h e  p e n e t r a t i o n  o f  f o r e i g n  s u b s t a n c e s  i n t o  t h e  body and ,  
a s  s u c h ,  a r e  p o t e n t i a l l y  d a n g s r o u s  t o  t h e  i n d i v i d u a l  and  may c a u s e  
s i g n i f i c a n t  d i s c o m f o r t  d u r i n g  and a f t e r  t h e  e x a m i n a t i o n .  There  
a r e  many p o s s i b l e  s i d e  e f f e c t s  a s s o c i a t e d  w i t h  t h e s e  e x a a i n a t i o n s .  
( S e e  S e c t i o n  111-4 f o r  d e t a i l s . )  One a l t e r n a t i v e  t o  myleoqraphy 
i s  t h e  u s e  o f  e l e c t r o m y o g r a p h y  which i s  used  t o  d e f i n e  t h e  s p e c i f i c  
--- 
n e r v e  r o o t  o r  r o o t s  i n v o l v e d  as  m a n i f e s t e d  by c h a n q e s  o f  e l e c t r i c a l  
p o t e n t i a l  o f  m u s c l e s  ( R e f s .  3 and 4 ) .  N e i t h e r  o f  t h e s e  methods 
i s  f o o l p r o o f ;  t h e r e f o r e ,  t h e r e  i s  a  q r e a t  need f o r  t h e  d e v e l o ~ m e n t  
o f  n o n i n v a s i v e  d i a g n o s t i c  t e c h n i q u e s  t h a t  would b e  s a f e r  and  n o r e  
a c c u r a t e  t h a n  t h e  e x i s t i n g  o n e s .  
I t  was r e c o g n i z e d  t h a t  a n o t h e r  a p p r o a c h  would b e  t o  a t t e m p t  
compu te r  enhancement  o f  c o n v e n t i o n a l  r a d i o q r a m s  b y  means o f  d i g i t a l  
image p r o c e s s i n s  t e c h n i q u e s  w i t h o u t  t h e  u s e  o f  c o n t r a s t  m a t e r i a l s .  
These  t e c h n i q u e s ,  d e v e l o p e d  i n  c o n n e c t i o n  w i t h  t h e  s p a c e  program,  
have  been  a p p l i e d  t o  t h e  a n a l y s i s  o f  d i a q n o s t i c  r a d i o g r a m s  i n  a  
number of r e c e n t  i n v e s t i g a t i o n s  ( R e f s .  6 - 9 ) .  They h e l p  t o  emphas i ze  
s e l e c t e d  f e a t u r e s ,  modi fy  t h e  c o n t r a s t  r a n g e ,  remove unwanted 
d a t a ,  p e r f o r m  d e s i r e d  measu remen t s ,  and  d e t e c t  d i f f e r e n c e s  be tween  
p i c t u r e s .  They a r e  most  u s e f u l  where s p e c i f i c  d i m e n s i o n s  h a v e  
c l i n i c a l  s i g n i f i c a n c e  o r  where c e r t a i n  a b n o r m a l i t i e s  h a v e  a  
p r e d o m i n a n t  s p a t i a l  f r e q u e n c y .  I n  s i t u a t i o n s  o f  more g e n e r a l  
i n t e r e s t ,  c l i n i c a l  a p p l i c a t i o n s  o f  p r o c e s s e d  images  a r e  r e s t r i c t e d  
by t h e  d e g r a d a t i o n  o f  t h e  o r i g i n a l  imaqe t h a t  i s  i n t r o d u c e d  by 
r a p i d  s c a n n i n g  and t h e  s u b s e q u e n t  v i d e o  d i s p l a y .  These t e c h n i q u e s  
were u t i l i z e d  f o r  t h e  d e t e c t i o n  o f  t h e  human i n t e r v e r t e b r a l  d i s c  
e d g e s  from c o n v e n t i o n a l  r a d i o g r a m s  o f  t h e  s p i n e .  These  r a d i o q r a m s  
were l a t e r a l  v i ews  o f  t h e  s p i n e  t a k e n  by  means o f  optimum e x p o s u r e  
( i . e . ,  80 KVP, 1 0 0  M A S ) .  
The d i a g n o s t i c  i n f o r m a t i o n  r e c o r d e d  i n  t h e s e  r a d i o g r a m s  
r e g a r d i n g  t h e  d i s c  i s  d i f f i c u l t  t o  b e  e x t r a c t e d  w i t h  t h e  una ided  
e y e .  However, a s  i t  i s  d e m o n s t r a t e d  by  t h i s  s t u d y ,  t h e  a p p l i c a t i o n  
o f  d i g i t a l  image p r o c e s s i n g  t e c h n i q u e s  c a n  p r o v i d e  a n  improved 
v i s u a l i z a t i o n  o f  t h e  human d i s c .  We b e l i e v e  t h a t  t h i s  i s  i ~ p o r t a n t  
i n  t h a t  i t  oDens a new and s a f e r  a p p r o a c h  i n  t h e  d e t e c t i o n  o f  
d i s c  p rob lems .  It i s  n e e d l e s s  t o  s a y  t h a t  t h i s  d i a g n o s t i c  i n f o r -  
m a t i o n  i s  g r e a t l y  needed by  t h e  n e u r o s u r g e o n  and o r t h o p e d i s t  
s u r g e o n  p r i o r  t o  d i s c  s u r g e r y .  
A t  t h i s  p o i n t ,  w e  f e e l  i t  i s  wor th  m e n t i o n i n g  t h a t  t h e  
d i s c  h e r n i a t i o n  i s  p r i m a r i l y  a  m e c h a n i c a l  problem o f  f a i l u r e  and 
t h e  p r o c l i v i t y  t o  h e r n i a t i o n  w i t h  a g e  depends  on t h e  b i o c h e ~ i c a l  
c h a n g e s  t h a t  o c c u r  i n  t h e  m a t e r i a l  o f  t h e  d i s c  d u r i n g  i t s  m a t u r a t i o n  
p r o c e s s .  However, a  c a r e f u l  mechanics -based  a n a l y s i s  o f  f a i l u r e s  
a d e q u a t e  t o  t h e  need i s  n o t  a v a i l a b l e  t o d a y .  It a p p e a r e d  t h a t  t h e  
t r e a t m e n t ,  a s  well a s  t h e  p o s s i b l e  p r e v e n t i o n  o f  t h e  d i s c  h e r n i a t i o n  
p r o b l e m s ,  would b e  g r e a t l y  a i d e d  b y  a n  improved u n d e r s t a n d i n q  o f  t h e  
m e c h a n i c a l  b e h a v i o r  of  t h e  human i n t e r v e r t e b r a l  d i s c  under  v a r i o u s  
modes o f  d e f o r m a t i o n s  and m o t i o n s  o f  t h e  human s ? i n e .  
A r e v i e w  o f  t h e  work done  i n  t h i s  f i e l d  ( s e e  S e c t i o n  111-6-a) 
h a s  shown t h a t ,  s o  f a r ,  e x p e r i m e n t a l  work on  t h e  human i n t e r v e r t e b r a l  
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d i s c  h a s  b e e n  c a r r i e d  o u t  o n  a u t o p s y  s p e c i m e n s ,  s u c h  a s  s e q q e n t s  o f  
t h e  s o i n e  c o n s i s t i n g  o f  two  v e r t e b r a l  b o d i e s  w i t h  t h e i r  i n t e r v e n i n g  
d i s c  o r  ~3311  s e c t i o n s  o f  t h e  a n n u l u s  f i b r o s u s  ( R e f .  1 ) .  T h e s e  
e x p e r  i n e n t s  w e r e  d i r e c t e d  t o  o b t a i n  m e c h a n i c a l  p r o p e r  t i e s  o f  t h e  
t o t a l  d i s c ,  a s s u m i n g  t h a t  t h e  d i s c  m a t e r i a l  h a s  e l a s t i c  b e h a v i o r .  
Howev,?r, t o  t h e  b e s t  o f  o u r  k n o w l e d g e ,  o n l y  t h r e e  e x p e r i m e n t s  
( R e f s .  1 0 - 1 2 ) ,  n o t  i n c l u d i n g  o u r  e x p e r i m e n t s ,  r e c o g n i z e  t h e  
v i s c o e l a s t i c  b e h a v i o r  o f  t h e  d i s c .  To d a t e ,  n o  u s e  h a s  b e e n  
made o f  t h i s  o b s e r v a t i o n  i n  t r e a t i n q  t h e  l i m i t e d  a n a l y s i s  o f  
t h e  d i s c ' s  m e c h a n i c a l  b e h a v i o r .  
I n  s t u d y i n g  t h e  v i s c o e l a s t i c  p r o o e r t i e s  o f  t h e  d i s c ,  we 
o b s e r v e d  t h a t  t h e  w a t e r  c o n t e n t  o f  t h e  d i s c  m a t e r i a l  i s  i m p o r t a n t  
i n  t h a t  i t  c o n t r o l s  t h e  r e l a x a t i o n  b e h a v i o r  o f  t h e  i n a t e r i a l .  
T h i s  was d o n e  by  s u b j e c t i n g  s m a l l  s e c t i o n s  o f  t h e  d i s c ' s  l a m e l l a e  
( l a y e r s  f rom w h i c h  t h e  a n n u l u s  f i b r o s u s  c o n s i s t s  o f )  t o  s i n p l e  
t e n s i o n  t e s t s  u n d e r  c l o s e d  s y s t e m  c o n d i t i o n s  ( i  .e .  , p e r m i t t i n l  
no m a s s  f l o w  i n  o r  o u t  o f  t h e  d i s c  s p e c i ~ e n )  . Based o n  t h i s  
o b s e r v a t i o n ,  o n  d a t a  o b t a i n e d  f r o 3  l i t e r a t u r e  r e v i e w ,  a n d  o n  
t h e  f a c t  t h a t  t h e  w a t e r  c o n t e n t  o f  t h e  d i s c  d e c r e a s e s  w i t h  a q e  
( R e f s .  2 3 - 2 7 ) ,  a q u a l i t a t i v e  h y d r o r h e o l o g i c a l  model  f o r  t h e  
b e h a v i o r  o f  t h e  d i s c ' s  m a t e r i a l  i s  p r o o o s e d .  T h i s  m o d e l ,  a l t h o u q h  
a u a l i t a t i v e ,  p r o v i d e s  t h e  b a s i s  f o r  d i s c u s s i o n  r e q a r d i n q  t h e  
saturation o f  t h e  d i s c .  I t  i s  o u r  p u r p o s e  t o  q u a n t i f y  a n d  c h r c l :  
t h e  v a l i d i t y  o f  t h i s  l i ~ 0 4 ? l  i n  a  f u t u r e  s t u d v .  W e  e x p e c t  t h a t  
t h e  l o n q  term m e d i c a l  s i q n i f i c a n c e  o f  t h i s  work w i l l  b e  i n  t h e  
f i e l d s  of p r e v e n t i v e  a n d  d i a g n o s t i c  m e d i c i n e .  
11. O B J E C T I V E  
The o v e r a l l  o b j e c t i v e  o f  t h i s  r e s e a b c h  i s  t o  advance  t h e  
p r e s e n t  knowledge o f  t h e  p h y s i o l o g y  o f  t h e  human i n t e r v e r t e b r a l  
d i s c  and s u b s e q u e n t l y  o f  t h e  s p i n e .  However, i t s  i m n e d i a t e  p u r p o s e  
was t o  d e t e r m i n e ,  i n - v i t r o ,  t h e  v i s c o e l a s t i c  m a t e r i a l  p r o ~ e r t i e s  
o f  s e c t i o n s  from t h e  a n n u l u s  f i b r o s u s  o f  human lumbar  i n t e r v e r t e b r a l  
d i s c s .  I n  a d d i t i o n ,  a n  a t t e m p t  was made t o  v i s u a l i z e  t h e  human 
i n t e r v e r t e b r a l  d i s c  f rom c o n v e n t i o n a l  r a d i o g r a p h i c  d a t a  w i t h o u t  
i n j e c t i o n  o f  c o n t r a s t  m a t e r i a l .  
I1 I .  BACKGROUND 
1. Anatomical Review 
a .  The Human Spine 
The human v e r t e b r a l  column i s  formed by a s e r i e s  of 3 3  
ver tebrae :  
(1) 7 c e r v i c a l  (neck region)  
( 2 )  1 2  t h o r a c i c  ( c h e s t  region)  
( 3 )  5  lumbar (low back region)  
( 4 )  5 s a c r a l  
( 5 )  4 coccygal. 
The c e r v i c a l ,  t h o r a c i c ,  and lumbar ver tebrae  remain d i s t i n c t  
and separa te  from each o the r  throughout l i f e .  They a r e  considered 
a s  movable ver tabrae  and a r e  separated from each o ther  by i n t e r -  
v e r t e b r a l  d i s c s .  In  c o n t r a s t ,  a d u l t  s a c r a l  and coccyqeal ver tebrae  
a r e  fused ( u n i t e d )  with each o ther  t o  form two bones, t h e  sacrum 
and t h e  coccyx. Figure 3.1 shows a l a t e r a l  view of t h e  v e r t e b r a l  
column i n  the  e r e c t  p o s i t i o n  together  w i t h  t h e  names and loca t ions  
of i ts  bas ic  c o n s t i t u e n t s .  
b. The I n t e r v e r t e b r a l  Disc 
The i n t e r v e r t e b r a l  d i s c s  c o n t r i b u t e  between a  quar ter  
t o  one-third of t h e  o v e r a l l  length  of t h e  v e r t e b r a l  column. 
I t  i s  customary t o  d i s t i n g u i s h  t h r e e  domains of the  disc, 
though t h e  demarkation of t h e s e  domains i s  no t  sharp: 
(1) The annulus f i b r o s u s  
( 2 )  The nucleus pulposus 
COCCYX 
CERVICAL CURVE (CI 43) 
(CERVICAL LORDOSI S CURVE) 
THORACIC CURVE (TI - T ~ * )  
( DORSAL KYPHOSIS CURVE) 
PELVIC CURVE 
( SACRUM ) 
Figure 3.1. Lateral  View of  t h e  Vertebral  Column 
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( 3 )  The c a r t i l a g i n o u s  end p l a t e s .  
Each d i s c  i s  named by  t h e  two s u r r o u n d i n g  v e r t e b r a o ;  f o r  exama le ,  
t h e  d i s c  L4-L5 i s  s u r r o u n d e d  by  v e r t e b r a e  L 4  and L 5 .  
1) The Annulus  F i b r o s u s  
T h e  a n n u l u s  f i b r o s u s  i s  t h e  o u t e r  f i b r o u s  p a r t  o f  t h e  i n t e r -  
v e r t e b r a l  d i s c  ( F i g u r e s  3 . 2 ( b )  and 3 . 2 ( c ) ) .  I t  i s  formed by  a 
s e r i e s  o f  12-14 ( o r  more)  c o n c e n t r i c a l l y  e n c i r c l i n a  l a n e l l a e  
( R e f s .  3 and 4 ) .  A l a m e l l a  i s  d e f i n e d  a s  a Layer  f rom t h e  d i s c ' s  
a n n u l u s  f i b r o s u s  i n  which c o l l a g e n e o u s  f i b e r s  embedded i n  a  mucopoly- 
s a c c h a r i d e  m a t r i x  r u n  i n  a  s i n g l e  d i r e c t i o n .  
I n  o r d e r  t o  g i v e  a n  a p ~ r o x i l n a t e  r e o r e s e n t a t i o n  o f  t h e  l a ~ e l l a 2  
s t r u c t u r e  a s  f a r  a s  t h e  d i r e c t i o n  o f  t h e  f i b e r s  i s  c o n c e r n e d ,  l e t  
u s  c o n s i d e r  two a d j o i n i n g  l a m e l l a e .  I n  b o t h  l a r n e l l a e  t h e  f i b e r s  
r u n  a p p r o x i m a t e l y  a  un i fo rm c o u r s e .  I n  t h e  f i r s t  o n e  t h e  f i b e r s  
G form a n  a n q l e  ( R e f s .  1 4  and 1 5 )  a p p r o x i m a t e l y  +50° t o  +60 w i t h  
r e s p e c t  t o  t h e  d i s c  a x i s ;  i n  t h e  n e x t  o n e  t h e  f i b e r s  f o r -  an  
0 0 
a n g l e  -50 t o  -60 . F i g u r e  3 . 2 ( b )  g i v e s  a s i m p l i f i e d  s c h e m a t i c  
r e p r e s e n t a t i o n  o f  t h e  l a y e r e d  s t r u c t u r e  o f  t h e  inhomogeneous 
d i s c .  The two m a c r o s c o p i c  p i c t u r e s  p r e s e n t e d  i n  F i g u r e s  3 . 3 ( a )  
and 3 . 3 ( b )  show t h e  d i r e c t i o n  o f  t h e  f i b e r s  f o r  t h e  c a s e s  o f  
a  s i n g l e  l a m e l l a  and two a d j a c e n t  l a m e l l a e  c o r r e s p o n d i n g l y .  
I n  t h e  lumbar  r e g i o n  ( R e f ,  1 0 )  t h e  l a m e l l a e  v a r y  i n  t h i c k -  
n e s s  from t e n t h s  t o  s e v e r a l  m i l l i m e t e r s .  I t  i s  t h i c k e r  a n t e r i o r l y  
( f r o n t  o f  t h e  d i s c )  where t h e  l a m e l l a e  a r e  more numerous t h a n  
p o s t e r i o r l y  ( r e a r  o f  t h e  d i s c ) .  I t  i s  wor thwhi l e  m e n t i o n i n g  
t h a t  s o q e  i n t e r ~ e a v i n g  i s  p r e s e n t  b e t w e e n  a d j o i n i n q  p o s t e r i o r  
l a m e 1 1 3 2  ( R e f .  1 6 ) .  The o u t e r m o s t  l a m e l l a e  a t t a c h  t h e m s e l v e s  
t o  t h e  bony  o d g e  o f  t h e  v e r t e b r a l  b o d y  ( b o n y  e p i p h y s e a l  r i n q )  
w h i l e  t h o s e  r e r n a i n i n q  c o n t i n u e  i n t o  t h e  c a r t i l a s i n o u s  p l a t e s .  
I n  t h e  f r o n t ,  i n t i a a t e  c o n n e c t i o n s  e x i s t  w i t h  t h e  a n t e r i o r  
l o n 7 i t u d i n a l  l i g a m e n t ,  w h i l e  t h e  o o s t e r i o r  l o n q i t u d i n a l  l i g a m e n t  




F i g u r e  3 .2  3 S c h e m a t i c  R e p r e s e n t a t i o n  o f  t h e  Human 
I n t e r v e r t e b r a l  Disc a n d  V e r t e b r a l  R o d i e s  
2  1 T h e  N u c l e u s  P u l p o s u s  
The n u c l e u s  p u l p o s u s  i s  c e n t r a l l y  s i t u a t e d  ( F i q u r e s  3 . 2 ( b )  
and 3 . 2 ( c )  ) i t  c o n s i s t s  o f  a  t h r e e  d i m e n s i o n a l  n e t w o r k  o f  non- 
o r i e n t e d  c o l l a g e n  f i b r i l s  enmeshed  i n  a  m u c o o r o t e i n  q e l  a n d  
o c c u p i e s  a b o u t  25-508 o f  t h e  d i s c  v o l u m e  ( R e f s .  3 and 4 ) .  
( a )  Single Lamella 
( b )  Multiple Lamellae 
Figure 3 . 3 .  Direct ion of the  Fibers  V i a  Microscopic P ic tu res  
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3 ) The C a r t i l a g i n o u s  End-P la t e s  
The c a r t i l a g i n o u s  e n d - p l a t e s  ( F i q .  3 . 2 ( c )  ) c o n n e c t  t h e  
d i s c  w i t h  t h e  v e r t e b r a l  b o d i e s  above  and below.  P e r i p h e r a l l y  
t h e y  a r e  a t t a c h e d  t o  t h e  bony e p i p h y s e a l  r i n g  (Refs. 3  and 17). 
W e  a r e  o f  t h e  o p i n i o n  t h a t  t h e s e  t h i n  p l a t e s  a r e  f i r m l y  a t t a c h e d  
t o  t h e  v e r t e b r a l  b o d i e s .  
4 ) The D i s c  Shape and Dimensions 
The d i s c  i s  somewhat k idney-shaped .  However, i t  a p p e a r s  
t h a t  t h e  p a t t e r n  o f  t h e  d i s c  s h a p e  v a r i e s  c o n s i d e r a b l y  from 
i n d i v i d u a l  t o  i n d i v i d u a l  o r  e v e n  i n  t h e  same i n d i v i d u a l .  The 
f o l l o w i n g  p a r a m e t e r s  shown i n  F i g u r e  3 . 4  a r e  n o r m a l l y  used t o  
c h a r a c t e r i z e  t h e  d i s c ' s  geomet ry .  They a r e  i t s  ma jo r  d i a m e t e r s  
(B, b ) ,  i t s  minor d i a m e t e r s  (D, d )  and i t s  h e i q h t ( h ) .  I n  T a b l e  
some measurements  f o r  t h e s e  p a r a m e t e r s  t a k e n  from r a d i o g r a p h s  
of lumbar i n t e r v e r t e b r a l  d i s c s  a r e  p r e s e n t e d ,  
NUCLEUS ( n )  
F i g u r e  3.4 P a r a m e t e r s  C h a r a c t e r i z i n g  t h e  Disc 's  Geometry 
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Tab le  1. T y y i c a l  Lumbar I n t e r v e r t e b r a l  C i s c  Dimensions 
I-------- I Disc  Major Diameter  
( c m )  
Minor Giameter  
( 3 m )  
N u c l e u s  I D i s c  Nucleus  
--- 
V e r t i c a l  Disc 
He igh t  (cm) 
c .  The V e r t e b r a l  B o d i e s  and t h e  Liqaments  
1) The V e r t e b r a l  Bod ie s  
The somewhat k indey-shaped  v e r t e b r a l  body ( F i q u r e  3 . 5 )  
c o n s i s t s  o f  a n  o u t e r  s h e l l  o f  d e n s e  bone a b o u t  0 . 5  mm t h i c k .  
The i n n e r  p o r t i o n  o f  t h e  body i s  composed o f  t r a b e c u l a r  o r  sponqy 
bone. Its upper  a n d  lower  f l a t t e n e d ,  s l i g h t l y  concave  s u r f a c e s  
a r e  cove red  by t h e  v e r t e b r a l  end p l a t e s  which a r e  a p p r o x i m a t e l y  
1 mrn t h i c k  ( R e f s .  3 and 1 7 ) .  
2 The Ligaments  
The v e r t e b r a l  b o d i e s  and t h e  i n t e r v e r t e b r a l  d i s c s  a r e  
su r rounded  by  f i b r o u s  bands  i n  t e n s i o n  c a l l e d  l i g a m e n t s .  The 
nanes and l o c a t i o n s  o f  t h e s e  l i g a m e n t s  a r e  shown i n  F i g u r e  3 . 6 .  
SPINOUS PROCESS 
INFERIOR ARTICULAR PROCESS 
LAMINA 
TRANSVERSE PROCESS 
SUPERIOR ARTICULAR PROCESS PED I C LE 
( a )  Topv iew  






(b) Side  V i e w  
F i g u r e  3 . 5 .  4 T y ~ i c a l  LumSar V e r t e b r a  
(1) The A n t e r i o r  L o n q i t u d i n a l  Liqarnent .  The a n t e r i o r  
----------------- 
l o n q i t u d i n a l  l i c j a m e n t  ( F i g u r e  3 . 6 )  i s  a  b r o a d  s t r o n g  
band o f  f i b e r s  e x t e n d i n g  a l o n g  t h e  a n t e r i o r  s u r f a c e s  
o f  t h e  v e r t e b r a l  5 o d i e s .  E s s e n t i a l l y ,  i t  c o n s i s t s  
o f  3 l a y e r s  o f  d e n s e  f i b e r s ,  a l l  o f  w h i c h  r u n  i n  a  
l o n g i t u d i n a l  d i r e c t i o n .  The i n n e r m o s t  l a y e r  e x t e n d s  
f rom o n e  v e r t e b r a e  t o  t h e  n e x t ,  a d h e r i n g  i n t i m a t e l y  
t o  t h e  i n t e r v e r t e b r a l  d i s c s  a n d  t h e  e p i p h y s e a l  r i n g .  
I t  b l e n d s  w i t h  t h e  o u t e r  f i b e r s  o f  t h e  a n n u l u s  a n d  
c a n n o t  be s e ~ a r a t e d   fro^ i t  e a s i l y .  The q i d d l e  l a y e r  
e x t e n d s  b e t w e e n  2  o r  3 v e r t e b r a e ,  a n d  t h e  o u t e r m o s t  
i s  t h e  l o n g e s t  a n d  e x t e n d s  o v e r  4 o r  5 v e r t e b r a e  
( R e f s .  3  and 1 7 ) .  
( 2 )  The P o s t e r i o r  L o n q i t u d i n a l  L i q a m e n t .  The p o s t e r i o r  
---- -I__-_- 
l o n q i t u d i n a l  l i q a m e n t  ( F i q u r e  3 . 6 )  l i e s  w i t h i n  t h e  
v e r t e b r a l  c a n a l ,  e x t e n d i n g  a l o n g  t h e  ~ o s t e r i o r  s u r f a c e s  
t h e  o u t e r m o s t  l a y e r  e x t e n d s  o v e r  3  o r  4 v e r t e b r a e ,  
a n d  t h e  i n n e r  1 3 y e r  e x t e n d s  b e t w e e n  a d j a c e n t  v e r t e -  
b r a e .  I t  i s  c ~ n s i d e r e d  t o  b e  a much more  d e l i c a t e  
( t h i n n e r )  s t r u c t u r e  a s  c o r n ~ a r e d  t o  t h e  a n t e r i o r  o n e  
( R e f s .  4 and 1 7 ) .  
( 3 )  The L a t e r a l  V e r t e b r a l  L i q a m e n t .  The l a t e r a l  v e r t e b r a l  
----- -- 
l i g a m e n t s  ( F i q u r e  3 . 6 )  a r e  s i t u a t e d  b e t w e e n  t h e  a n t e r i o r  
and p o s t e r i o r  l o n g i t u d i n a l  l i q a m e n t s .  They c o n s i s t  o f  














( b )  S i d e  V i e w  
F i q u r e  3 . 6 .  The L i g a m e n t s  
and p a s s i n g  o v e r  t h e  v e r t e b r a l  body t o  t h e  a d j a c e n t  
i n t e r v e r  t e b r a l  d i s c .  
( 4 )  The  Liqamentum Flavum. T h i s  i s  a s t r u c t u r e  composed 
------ 
o f  t h i c k  ( 3  m m )  , s t r o n g  f i b e r s .  I t  b r i d q e s  t h e  q a p  
between t h e  e d g e s  o f  two a d j a c e n t  l a m i n a e  a s  i t  
i s  shown i n  F i g u r e  3.6 ( R e f s .  3 and 1 7 ) .  
( 5 )  The I n t ~ r s p i n a l  L igamen t s ,  These  l i g a m e n t s  a r e  f i b e r s  
- 
which c o n n e c t  t h e  r o o t  o f  one  s p i n o u s  p r o c e s s  t o  t h e  
t i p  o f  t h e  n e x t .  Al though t h e y  a r e  t h i n  and 
membranous i n  t h e  c e r v i c a l  and t h o r a c i c  a r e a  o f  t h e  
s p i n e ,  t h e y  a r e  t h i c k  and well d e v e l o ~ e d  i n  t h e  lumbar  
r e g i o n  ( R e f .  3 ) .  
d .  The Muscles  
1 ! Genera l  
The m u s c l e s  i n v o l v e d  i n  t h e  v e r t e b r a l  column a r e  numerous,  
and t h e i r  a r r anqemen t  i s  c o m p l i c a t e d  ( R e f s .  3  and 1 8 ) .  The re  a r e  
t h r e e  main g r o u p s :  
(1) F l e x o r s  ( a l l o w  f l e x i o n  o r  fo rward  b e n d i n g ) .  
( 2 )  E x t e n s o r s  ( a l l o w  e x t e n s i o n  o r  backward b e n d i n g ) .  
( 3 )  Abduc to r s  ( a l l o w  s i d e  movements and r o t a t i o n s ) .  
Some o f  t h e s e  ~ u s c l e s  a r e  shown i n  a  t o m o g r a ~ h i c  EM1 p i c t u r e  
t a k e n  from t h e  lumbar a r e a  o f  t h e  s p i n e  ( F i g u r e  3 . 7 ) .  
I n  t h e  f o l l o w i n g  p a r a g r a p h  w e  w i l l  d e s c r i b e  b r i e f l y  o n l y  t h e  
most important from the  group of f l e x o r s ,  namely t h e  e r e c t o r  
spinae or  sacrospina l  muscles. 
Figure 3.7 The Muscles Surrounding t h e  Spine (Sec t iona l  View) 
2 )  The Erector Spinae o r  Sacrospinal  Muscles 
These muscles e x i s t  between t h e  i l i u m  and the  sacrum (Figure  
3.8) w i t h  t h e i r  upper p a r t s  a t tached t o  t h e  spinous processes  of 
a l l  t he  lumbar and four thorac ic  ve r t eb rae  (Ref.  3 ) .  They se rve  
a s  a  powerful extensor of t h e  sp ine .  
e .  Blood Supply of t h e  I n t e v e r t e b r a l  D i s k  
I t  has  been reported (Refs .  3 and 1 7 )  t h a t  i n  ch i ld ren  
and young a d u l t s  one can f ind  small blood v e s s e l s  w i t h i n  t he  
per iphery of t h e  c a r t i l a g i n o u s  end-plates .  These v e s s e l s  gradual ly  
disappear so  t h a t  by the  second decade the  i n t e r v e r t e b r a l  d i s c  i s  
found t o  be completely evascular .  There a r e  only  a few small 
v e s s e l s  i n  t he  outermost l a y e r s  of t h e  l igaments ,  but these  v e s s e l s  
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never  p e n e t r a t e  i n t o  t h e  a n n u l u s .  
The d i s c ' s  l i m i t e d  n u t r i t i o n a l  demands a r e  p r o b a b l y  f u l f i l l e d  
by  t h e  d i f f u s i o n  o f  lymph from t h e  marrow c a v i t y  t o  t h e  c a r t i l a q i n o u s  
e n d - p l a t e s ,  which p e r m i t s  some lymph s u p p l y  t o  d i f f u s e  t h r o u g h  t h e  
d i s c .  
ERECTOR SPINAE MUSCLES 
F i g u r e  3.8.  The E r e c t o r  S p i n a e  Muscles  
2 .  B iochemica l  Review 
A s  i t  was d e s c r i b e d  e a r l i e r ,  t h e  s t r u c t u r e  o f  t h e  d i s c  l a m s l l a  
i s  made o f  c o l l a q e n e o u s  f i b e r s  embedded i n  a m u c o o o l y s a c c h a r i d e  g a t r  ix. 
Next w e  document some g e n e r a l  i n f o r m a t i o n  r e g a r d i n 4  t h e  d i s c ' s  b i o -  
c h e m i c a l  c o n s t i t u e n t s .  
a .  General Informat ion 
1 )  Collagen 
The co l l agen  f i b e r s  anpear a s  bundles  o f  i n d i v i d u a l  non- 
branching f i b r i l s  (Re f s .  1 9  an3 2 0 ) .  The s t r u c t u r e  o f  t h e  f i b r i l s  
c o v s i s t s  of  a  c o r e  and an annulus a s  i s  shown i n  F iqure  3 . 9 .  
ANNULUS ( CORE ( STRONGLY x-LINKED 1 
( a )  Old F i b r i l  
( b )  Young F i b r i l  
Fiaure 3 . 9 .  S t r u c t u r e  o f  a  F i b r i l  
E lec t ron  n ic roscooe  s t u d i e s  have shown t h a t  i n  a  g iven  f i b e r  t h e  
diameter  of  t h e  f i b r i l ' s  c o r e  i n c r e a s e s  wi th  aqe a t  t h e  expense 
of t h e  f i b r i l f s  annulus ,  a s  shown i n  F iqure  3 .9 .  
The f i b r i l s  a r e  made o f  t r opoco l l aqen  molecules .  Each 
t ropocol laqen  z o l e c u l e  i s  com?osed of t h r e e  s t r a n d s  fo rn ing  a 
t r i q l e  h e l i x  (Ref .  1 9 ) .  Each s t r a n d  i s  made o f  anino a c i d s  wi th  
g l y c i n e ,  g r o l i n e  and hydroxyrol ine  being t h e  primary ones .  The 
amino ac id  composit ion of t h e  t roooco l l aqen  molecules  appears  
t o  be a l n o s t  c o n s t a n t  with age.  F i b r i l  growth an3 developnent  
occurs  by accumulating newly formed t ropocol lagen  molecules on 
i t s  s u r f a c e s .  Furthermore,  i t  i s  accepted t h a t  t h e  t ropocol laqen  
molecules a r e  s t r o n g l y  bonded between themselves f h i q h l y  c r o s s -  
l i n k e d )  i n  t h e  c o r e  a r e a  and poor ly  c ros s - l i nked  i n  t h e  f i b r i l ' s  
annulus .  Since t h e  annular  co l l agen  i s  e a s i l v  e x t r a c t a b l e  bv  
v a r i o u s  s o l u t i o n s  ( i . e . ,  a c e t i c  a c i d ,  NaOH, e t c . )  , t h e  s t r e n g t h  
and number o f  t h e  c r o s s - l i n k s  w i l l  be weaker than  t h a t  of  a  
young f i b r i l .  Correspondingly ,  t h e  annulus w i l l  be narrower i n  
o lde r  f i b r i l s  than i n  younger ones .  A s  qrowth con t inues ,  t h e  
f i b r i l  w i l l  move toward complete three-dimensional  c ro s s - l i nk ing  
and t h e  anntilus w i l l  dec rease  u n t i l  t h e  whole f i 5 r i l  i s  uniformly 
c ros s - l i nked .  
The matura t ion  of  co l l agen  involves  t h e  in t ra -and  i n t e r -  
molecular  c ro s s - l i nk inq  of  t h e  t ropocol laqen .  T h i s  c ro s s - l i nk inq  
process  l e a d s  t o  t h e  r e l a t i v e  i n s o l u b i l i t y  o f  col lager ,  and i t  xay 
be r e l a t e d  t o  t h e  aging process .  
2 ) The Mucopolysaccharides 
According t o  References 1 0  and 21, rmuco~olysacchar ides  
a r e  composed o f :  Hyaloronic Acid, chondro i t i n  s u l f a t e  ( A ,  B ,  C ) ,  
hepar i t i n  s u l f a t e ,  k e r a t o s u l f a t e ,  and hepar i n .  The m a j o r i t y  o f  
t h e s e  mucopolysaccharides appear t o  be nonbranched amorphous 
polymers. They a r e  c o v a l e n t l y  bound t o  o r o t e i n s  r e s u l t i n g  i n  
a  compound c a l l e d  pro te in -po lysacchar ides  o r  mucoprotein.  To t h e  
b e s t  of our knowledqe, t h e  v a r i a t i o n  of  t h e s e  comaounds wi th  aqo 
i s  not  known f o r  t h e  human i n t e r v e r t e b r a l  d i s c  m a t e r i a l .  However, 
f o r  t h e  c a s e  o f  t h e  s k i n  where s i m i l a r  components a r e  p r e s e n t ,  
it is known t h a t  t b e  p e r c e n t a q e  o f  h y a l o r o n i c  a c i d  d e c r e a s e s  
2nd  t h e  p e r c e n t a q e  o f  c h c n d r o i t i n  s u l f a t e s  i n c r e a s e s  w i t h  age. 
SQme o f  t h e  f u n c t i o n s  o f  t h e  r n u c o ~ r o t e i n s  a r e  ( R e f .  2 2 ) :  
(1)  To S t a b i l i z e  X e c h a n i c a l l y  t h e  C o l l a q e n  F i b r i l s .  The  
------------------ ------- 
m u c o ~ r o t e i n s  a c t  a s  t h e  bonding  a q e n t  be tween  t h e  







E' i sure  3.10. S t a b i l i z a t i o n  o f  Co i b r i l s  
To  Rind Water .  These  h i y h  m o l e c u l a r  w e i g h t  po lymers  
- -
t r a ~  l a r q e  a n o u n t s  o f  w a t e r  w i t h i n  t h e i r  domain ,  a n  
i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t h e i r  p h y s i c a l  and 
mechan ica l  ? r o p e r  ties. 
To C o n t r o l  t h e  S y n t h e s i s  of C o l l a s e n  
To R e g u l a t e  t h e  Growth a n 3  D i f f e r e n t i a t i o n  o f  Ce l l s .  
----- ----- -- 
T h i s  i s  i v p o r t a n t  i n  wound h e a l i n q .  
n. The C h e m i c a l  C o n s t i t u e n t s  o f  t h e  Human I n t e r v e r t e b r a l  Disc 
D i c k s o n ,  N a y l o r  e t  a1 r e p o r t e d  t h e  p e r c e n t a q e  o f  h y d r o x y -  
p r o l i n e ,  and  t h u s  t h e  c o l l a q e n  c o n t e n t ,  a s  a  f u n c t i o n  o f  a g e  (3 -89  
y e a r s )  f o r  d r y  n u c l e u s  p u l p o s u s  a n d  a n n u l u s  f i b r o s u s  ( R e f .  2 3 ) .  
They f o u n d  t h a t  i n  n u c l e u s  p u l p o s u s ,  t h e  h y d r o x y p r o l i n e  c o n t e n t  
r e m a i n s  f a i r l y  c o n s t a n t  a f t e r  t h e  a g e  o f  1 0  u n t i l  t h e  a q e  o f  65  
and  t h e n  d e c r e a s e s  s l i g h t l y .  I n  t h e  a n n u l u s  f i b r o s u s  t h e y  r e p o r t e d  
t h a t  t h e  p e r c e n t a g e  o f  h y d r o x y p r o l i n e  d e c r e a s e s  u n t i l  t h e  a g e  
o f  62  a n d  t h e n  r e m a i n s  c o n s t a n t .  The m u c o p o l y s a c c h a r i d e s  a r e  
p r e s e n t  i n  l a r g e r  a m o u n t s  i n  t h e  n u c l e u s  a n d  t h e i r  h i g h e s t  l e v e l  
is  r e a c h e d  i n  t h e  30-40 a g e  g r o u p ,  d e c l i n i n g  t o  i t s  l o w e s t  l e v e l  
i n  l a t e r  y e a r s .  I l o r e o v e r ,  t h e y  f o u n d  t h a t  f o r  a p r o t r u d e d  d i s c  
i n  a y o u n g e r  man,  t h e  h y d r o x y p r o l i n e  c o n t e n t  ( o r  c o l l a g e n )  o f  
b o t h  n u c l e u s  a n d  a n n u l u s  was  i n c r e a s e d  a n d  t h e i r  m u c o p o l y s a c c h a r i d e  
c o n t e n t  was r e d u c e d  ( R e f .  2 4 ) .  T h i s  i s  c o n s i s t e n t  w i t h  w h a t  
i s  f o u n d  i n  n o n p r o t r u d e d  d i s c s  f r o m  o l d e r  i n d i v i d u a l s .  Lyons  
e t  a i  f e i t  t h a t  d i s c  d e q e n e r a t i o n  r e p r e s e n t s  a  p r e m a t u r e  a q i n g  
p r o c e s s  ( R e f .  2 5 ) .  A l s o  t h e r e  i s  l i t t l e  d o u b t  t h a t  s e v e r e  damage 
i n  t h e  d i s c  m a t e r i a l  i s  a m a n i f e s t a t i o n  o f  e x c e s s i v e  p r o d u c t i o n  
a n d  a b e r r a n t  a r r a n q e m e n t  o f  c o l l a q e n  i n  t h e  a f f e c t e d  d i s c  m a t e r i a l .  
Many o f  t h e  c h e m i c a l  d e t a i l s  o f  t h e  v a r i o u s  D r o c e s s e s  r e l a t e d  
t o  t h e  s y n t h e s i s  a n d  d e t e r i o r a t i o n  o f  t h e s e  c o n s t i t u e n t s  a r e  n o t  
y e t  known. 
B e s i d e s  t h e s e  r e l a t i v e l y  s o l i d  c o r n ~ o n e n t s ,  t h e  d i s c  c o n t a i n s  
a  l a r g e  amount  o f  w a t e r  ( t r a p p e d  b y  t h e  m u c o p r o t e i n  m a c r o n o l e c u l e s  
a s  i t  was d i s c u s s e d  e a r l i e r )  w h i c h  i n f l u e n c e s  s t r o n q l y  i t s  m e c h a n i c a l  
r e s p o n s e  c h a r a c t e r i s t i c s .  The f o l l o w i n g  t a b l e  q i v e s  t h e  a n y r o x i r n a t s  
w a t e r  v a r i a t i o n s  i n  t h e  d i s c  a s  a f u n c t i o n  o f  a g ?  ( R e f .  1 0 ) .  
~ G s c h e l  i n d i c a t e d  t h a t  w i t h  a d v a n c i n g  a g e ,  t h e  w a t e r  c o n t e n t  
o f  t h e  d i s c  i s  w r o q r e s s i v e l y  d e c r e a s e d  ( R e f .  2 5 ) .  L a t e r  DePukey 
r e p o r t e d  t h a t  t h e  a v e r a g e  p e r s o n  is o n e  p e r c e n t  s h o r t e r  a t  t h e  
e n d  o f  t h e  d a y  when c o n p a r e d  t o  b o d y  l e n q t h  i n  t h e  v o r n i n q  o n  
f i r s t  r i s i n g  ( R e f .  2 7 ) .  I t  was  o b s e r v e d  t h a t  t h e  a v e r a a e  d a i l y  
o s c i l l a t i o n  i n  b o d y  l e n g t h  i s  two  p e r c e n t  i n  t h e  f i r s t  d e c a d e  a n d  
o n l y  0 . 5  P e r c e n t  i n  t h e  e i g h t h  d e c a d e .  T h i s  d i f f e r e n c e  was  a t t r i b -  
u t e d  t o  d e c r e a s i n g  w a t e r  c o n t e n t  o f  t h e  d i s c .  
T a b l e  2 .  A p p r o x i m a t e  Wate r  V a r i a t i o n s  i n  t h e  
Human I n t e r v e r t e b r a l  Disc 
3 .  Some Lumbar I n t e r v e r t e b r a l  Disc P r o b l e q s  
I ts  u n i q u e  c o n s t r u c t i o n  a n d  c o m p o s i t i o n  e n a b l e  t h e  d i s c  t o  
w i t h s t a n d  s t r e s s e s  v a r y i n g  i n  d u r a t i o n  a n d  m a a n i t u d e .  B o t h  t h e  
a n n u l u s  and  t h e  n u c l e u s  a c t  t o  a b s o r b  f o r c e s  t h a t  o c c u r  n r i m a r i l y  
i n  t h e  v e r t i c a l  a x i s  o f  t h e  s p i n e  a n d  r e d i s t r i b u t e  them e v e n l y  i n  
a l l  d i r e c t i o n s .  We nay t h i n k  o f  t h e  a n n u l u s  a s  a  f l e x i b l e  p r e s s u r e  
v e s s e l  w i t h  t h e  less s t r u c t u r e d  n u c l e u s  a s  t h e  p r e s s u r e  medium. I t s  
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nea r ly  incompress ib le  behavior c o n v e r t s  t h e  sp ine-ax ia l  load  i n t o  
( t a n g e n t i a l )  t e n s i o n  s t r e s s e s  i n  t h e  annulus .  The d i s c t  s r e a c t i o n  
t o  p r e s s u r e  i s  n i c e l y  demonstrated i n  Figure  3.11. 
( a )  ( b )  ( c )  
Figure 3.11. The Reaction of t h e  Disc t o  Pressure  ( A f t e r  C a i l l i e t )  
A s  one can s e s ,  t h e  normal d i s c  has  a  rounded well-hydrated i n t a c t  
nucleus  ( F i q u r e  3 . 1 1 ( a ) )  and under norna l  p r e s su re  ma in t a in s  normal 
v e r t e b r a l  s e p a r a t i o n .  Com~res s ion  d e f o r n s  t h e  nucleus  and "bulges"  
t he  annulus  p h y s i o l o g i c a l l y  ( Figure  3.11( b )  ) . Flexion o r  ex t ens ion  
deforms t h e  d i s c  nuc leus  and pe rmi t s  t h e  motion (F iqu re  3 . 1 1 ( c ) ) .  Upon 
r e l e a s e  of  compression o r  bending f o r c e s ,  t h e  d i s c  resumes i t s  normal 
p o s i t i o n  a s  a  r e s u l t  of  t h e  i n t r i n s i c  i n t e r v e r t e b r a l  d i s c  p r e s su re .  
Somehow, i n  a  s t i l l  unknown way, t h e  above mentioned physio- 
l o g i c a l  behavior  i s  pe r tu rbed ,  subsequent ly  a l lowing t h e  s p i n a l  a x i a l  
load t o  cause  r u p t u r e s .  Furthermore,  biochemical  chanqes due t o  
aqinq o r  e a r l y  matura t ion  of t h e  d i s c  may he t h e  cause  o f  another  
problem known a s  d i s c  degenera t ion .  
a .  Ruptures 
1) Annular Rupture 
The annular  rup tu re  ( f r e q u e n t l y  r e f e r r e d  t o  a s  d i s c  h e r n i a t i o n )  
of  t h e  d i s c  i s  shown i n  Figure 3 . 1 2 ( a ) .  I t  i s  t h e  e x t r u s i o n  o f  m a t e r i a l  
from t h e  nuc leus  pulposus throuqh t h e  p o s t e r i o r  p a r t  o f  t h e  d i s c  
( R e f s .  3 and 4 ) .  T h i s  e x t - r u s i o n  can c 3 u s e  ?3in 5 v  o r e s s i n q  on n e r v e  
e n d i n y s  i n  t h e  l ig3rnentous  l a y e r s  s u r r o u n d i n g  t h ?  v e r t e b r a e ,  o r  3n 
t h e  s p i n a l  n e r v e .  






F i g u r e  3 . 1 2 ( a ) .  Annular Disc  Rup tu re  ( H e r n i a t e d  D i s c )  
2 End P l a t e  R u p t u r e  (Schmor l '  s Node) 
T h i s  p a t h o l o q i c a l  o c c u r r e n c e  i s  d e f i n e d  a s  t h e  ~ e n e t r a t i o n  
of  n u c l e a r  m a t e r i a l  t h r o u q h  t h e  c a r t i l m i n o u s  end  p l a t e s  i n t o  t h e  
spongy bone o f  t h e  v e r t e b r a l  bodv ( F i q u r e  3 . 1 2 ( b )  ) . 
F i g u r e  3 . 1 2 ( b ) .  S c h e m a t i c  R e p r e s e n t a t i o n  o f  Schmor l '  s Node 
b.  Disc D e q e n e r a t i o n  
D e g e n e r a t i o n  o f  t h e  d i s c  i m p l i e s  d e h y d r a t i o n  and fraqmen- 
t a t i o n  o f  t h e  l a m e l l a e  w i t h  some r a d i a l  t e a r i n q .  The n u c l e u s  
m a t e r i a l  e s c a p e s  i n t o  t h e  a d j a c e n t  a n n u l u s  and loses i t s  i n t r a d i s c a l  
p r e s s u r e  t h u s  a l l o w i n q  t h e  na r rowinq  o f  t h e  i n t e r v e r t e b r a l  s p a c e  
( F i q u r e  3 . 1 3 ) .  T h i s  na r rowinq  c a n  c 3 u s e  t h e  D o s t e r i o r  f a c e t s  
of  t h e  v e r t e b r a e  t o  p r e s s  a q a i n s t  o n e  a n o t h e r  p r q d u c i n q  a c r u s h i n q  
o f  t h e i r  s y n o v i a l  c a p s u l e  a n d  c o n s e q u e n t l y  p a i n .  T h i s  may o c c u r  
a s  a  r e s u l t  o f  a g i n g  o r  r e p e a t e d  i n j u r i e s  a s s o c i a t e d  w i t h  o v e r l o a d i n g .  
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F i g u r e  3 .13 .  D e g e n e r a t e d  Disc 
4 .  D i a ~ n o s t i c  T e c h n i q u e s  P r e s e n t l y  i n  Use 
I n  c o m b a t i n q  t h e  s p i n e  p r o b l e m s  d i s c u s s e d  e a r l i e r ,  r e l i a b l e  
d i a g n o s t i c  m e t h o d s  a r e  n e e d e d  f o r  t h e i r  i d e n t i f i c a t i o n .  P r e s e n t l y ,  
t h e  t e c h n i q u e s  i n  u s e  a r e :  e x t e r i o r  o r  s u t x r f i c i a l  p h y s i c a l  zxami -  
n a t i o n ,  a n d  c o n v e n t i o n a l  r a d i o g r a m s  o f  t h e  s p i n e .  N e i t h e r  o f  t h e s e  
h a s  p r o v e d  t o  b e  r e a l l y  s a t i s f a c t o r y .  
L e t  u s  b r i e f l y  now l o o k  a t  t h e s e  t e c h n i q u e s  an3  t h e  p r o b l e m s  
a s s o c i a t e d  w i t h  them:  
The e x t e r i o r  p h y s i c a l  e x a m i n a t i o n  i s  b a s e d  i n  t e s t i n q  j o i n t  
m o t i o n s  i n  t h e  b a c k  a n d  t h e  l e a s .  I n  a d d i t i o n ,  t h e  n e u r o l o g i c a l  
a c t i v i t y  i s  c h e c k e d  b y  t e s t i n q  t h e  m u s c l e  and  s e n s o r y  r e s p o n s e .  
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Altnouqh low back pain  i s  a  very  well-recoqnized synptom, d i s c  
h e r n i a t i o n  i s  no t  always a  cause  o f  t h i s  pa in .  On t h e  o t h e r  hand, 
d i s c  h e r n i a t i o n  may occur a t  s i t e s  where nerve r o o t s  do no t  e x i s t ,  
s o  t h a t  pa in  i s  no t  always assoc iaked  w i t h  t h i s  problem. 
Conventional d i a q n o s t i c  radioqrams,  neces sa ry  i n  t h e  c l i n i c a l  
e v a l u a t i o n  o f  a l l  p a t i e n t s  w i t h  such problems, a r e  based on neasure-  
ments of t h e  space between v e r t e b r a l  bodies .  Unfor tuna te ly ,  t h e s e  
measurements do no t  g i v e  a  s a t i s f a c t o r y  c o r r e l a t i o n  t o  c l i n i c a l  
s t u d i e s  (Ref .  1 3 ) .  That i s ,  i n  t h e  ma jo r i t y  of  p a t i e n t s ,  t h e  s p e c i f i c  
cause  o f  low back symptoms is n o t  always c l e a r l y  demonstrated by 
t h e s e  radiograms.  In a d d i t i o n ,  t h e s e  radiograms can show, v e r y  
f a i n t l y ,  some f e a t u r e s  of  t h e  i n t e r v e r t e b r a l  d i s c  o n l y  i f  p rope r ly  
t aken .  P r e s e n t l y ,  t h e  on ly  way t o  inprove t h e  d i a q n o s i s  of such 
problems i s  by t h e  use o f  c o n t r a s t  producing m a t e r i a l s .  More 
p r e c i s e l y ,  a  b e t t e r  v i s u a l i z a t i o n  of  t h e  s p i n a l  c a n a l ,  and i n d i r e c t l y  
of  t h e  d i s c ,  i s  usua l ly  achieved by  means of  myzlographic s t u d i e s  
. -. ( R e f s .  3 and 4 j .  ivnen myeiograpny i s  performed, a  radiopaque sub- 
s t a n c e ,  heav ie r  than t h e  s p i n a l  f l u i d ,  i s  in t roduced v i a  a  need le  
i n t o  t h e  subarachnoid o r  s p i n a l  c a n a l  space.  By t i l t i n q  t h e  p a t i e n t  
up and down under f l uo roscop ic  qu idance ,  one can fo l low t h e  column 
of dye alonq the  l enq th  of  t h e  s p i n e ,  t hus  providinq some d i a q n o s t i c  
in format ion  f o r  t h e  presence of d i s c  h e r n i a t i o n  (F igu re  3 .14) .  
Myeloaraphy i s  used on a  r o u t i n e  b a s i s  ~ r i o r  t o  lumbar d i s c  s u r g e r y ,  
even though i t  i s  no t  an a c c u r a t e  d e t e c t i o n  method ( i t  i s  claimed 
t h a t  t h e  nethod i s  80-85% a c c u r a t e ) .  For i n s t a n c e ,  i n  some c a s e s  
t h e  nyeloqram was i n t e r p r e t 2 d  a s  nonrevealinq , a l though  su rqe ry  
r evea l ed  a  d i s c  ~ r o t r u s i o n .  
Furthermore,  f a u l t y  lumbar puncture  t echn iaues  used i n  perform- 
ing t h e  rnyeloqram may d e p o s i t  radiopasue subs tance  o u t s i d e  t h e  sub- 
aracnoid  space makinq removal much more d i f f i c u l t  and a t  t i n e s  
impossible .  Severa l  r e p o r t s  o f  more severe  and even f a t a l  r e a c t i o n s  
a t t r i b u t e d  t o  a  unique h y p e r s e n s i t i v i t y  t o  t h e  r a d i o ~ a a u e  subs tance  
have appeared i n  t h e  l i t e r a t u r e .  A s  a r e s u l t  o f  t h e  increased  
s e n s i t i v i t y  t o  t h i s  radiopaaue m a t e r i a l ,  a widespread a s e ? t i c  
l e p t o m e n i n q i t i s  may occu r ,  invo lv ing  no t  on ly  t h e  s p i n e  bu t  
extending i n t o  t h e  b r a i n ,  w i t h  sone c a s e s  t e rmina t inq  i n  d e a t h .  
The low frequency of  occur rence  of t h e s e  t raqer f ies  makes i t  
impossible  t o  e s t a b l i s h  reasonable  c r i t e r i a  t o  a r even t  s i - n i l a r  f u t u r e  
compl ica t ions .  In t radermal  radiopaque s k i n  t e s t s  have been used,  





Figure 3.14. Schematic Represen ta t ion  of ( a )  Normal, and 
( b )  Herniated Disc Myeloqrams 
g u i d e l i n e s  can be developed,  p a t i e n t s  w i t h  a seve r?  a l l e r g i c  
backqround, inc lud inq  a  s p e c i f i c  a l l e r q y  t o  i o d i n e ,  should probablv  
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n o t  have  r a d i o p a a u ~  ~ y e l o g r a p h v .  However, t o  d a t e  t h e r e  i s  r e s e a r c h  
g o i n g  on  on t h e  deve lopment  o f  s a f e r  c o n t r a s t  m a t e r i a l s  which ,  
h o p e f u l l y ,  w i l l  r e d u c e  t h e s e  d a n q e r s .  
I n  a d d i t i o n  t o  mye log rashy ,  d i s c o q r a p h y ,  i n j e c t i o n  of  c o n t r a s t  
i n a t e r i a l  i n t o  t h e  n u c l e u s  p u l p o s u s  v i a  a n e e d l e ,  i s  used  when more 
d e t a i l e d  i n f o r s a t i o n  r e g a r d i n g  t h e  i n t e r v e r t e b r a l  d i s c  i t s e l f  i s  
r e q u i r e d  ( R e f s .  3 and 4 ) .  Both t e c h n i q u e s  a r e  " i n v a s i v e " ;  i . e . ,  
t h e y  r e q u i r e  t h e  p e n e t r a t i o n  o f  f o r e i q n  s u b s t a n c e s  i n t o  t h e  body 
a n d ,  a s  s u c h ,  arc? p o t e n t i a l l y  d a n q e r o u s  t o  t h e  i n d i v i d u a l  and may 
c a u s e  s i g n i f i c a n t  d i s c o m f o r t  d u r i n q  and a f t e r  t h e  e x a m i n a t i ~ n .  T h e r e  
a r e  many p o s s i b l e  s i d e  e f f e c t s  a s s o c i a t e d  w i t h  t h e s e  e x a x i n a t i o n s .  
s i d e  e f f e c t s  a s s o c i a t e d  w i t h  myelography a r e :  
P a i n  d u r i n g  t h e  pe r fo rmance  o f  t h e  myelogram. 
Postmyelogram r a d i c u l i t i s  r e s u l t i n g  from n e r v e  r o o t  t r a u n a .  
P o s t s w i n a l  headache .  
Meninqea l  i r r i t a t i o n ,  i n  r e a c t i o n  t o  i n t r o d u c t i o n  o f  a 
f o r e i g n  m a t e r i a l  i n t o  t h e  s u b a r a c h n o i d  s p a c e .  
B a c t e r i a l  m e n e n q i t i s .  
The i r r i t a t i v e  e f f e c t s  o f  t h e  r a d i o p a q u e  s u b s t a n c e  may 
p r o d u c e  a d h e s i v e  a r  a c h n o i d i t i s .  
Dye r e t a i n e d  i n  t h e  s u b a r a c h n o i d  s p a c e  may f l o w  i n t o  t h e  
b a s i l a r  c i s t e r n s  and c e r e b r a l  v e n t r i c l e s  and  p r o d u c e  a 
b a s i l a r  a d h e s i v e  a r a c h n o i d i t i s ,  which may l e a d  t o  
o b s t r u c t i v e  h y d r o c e p h a l u s .  
The i n c i d e n c e  o f  a  t e n  p e r c e n t  e r r o r  i n a b i l i t y  t o  v i s u a l i z e  
l a t e r a l l y  p l a c e d  d i s c s  may c a u s e  t h e  s u r g e o n  t o  w i t h h o l d  
i n d i c a t e d  s u r g e r y .  
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( 9 )  ~ a d i o p a q u e  s u b s t a n c e  s e n s i t i v i t y .  ( S p i n a l  f l u i d  exami- 
n a t i o n  o n e  o r  two d a y s  f o l l o w i n q  r a d i o p a q u e  rnyelography 
w i l l  u s u a l l y  show from two t o  t w e n t y  w h i t e  b l o o d  c e l l s  
p e r  c u b i c  c e n t i m e t e r  a s s o c i a t e d  w i t h  a  m o d e r a t e  i n c r e a s e  
i n  t h e  s p i n a l  f l u i d  p r o t e i n ,  r e s u l t i n g  i n  n u c h a l  r i g i d i t y ,  
h e a d a c h e ,  low g r a d e  t e m p e r a t u r e  e l e v a t i o n  and m a l a i s e . )  
I n  t h e  c a s e  o f  d i s c o g r a p h y ,  t h e  p o s s i b l e  s i d e  e f f e c t s  a r e :  
(1) P a i n  d u r i n g  t h e  p e r f o r m a n c e  o f  t h e  d i scogram.  
( 2 )  Nerve r o o t  t r auma .  
( 3 )  Long-term e f f e c t s  o f  i n j e c t i n q  a  n e e d l e  i n t o  a  normal  d i s c  
may a c c e l e r a t e  t h e  normal  d e g e n e r a t i v e  c h a n g e s  o f  a g e  and 
s t ress .  
( 4 )  I n f e c t i o n  f o l l o w i n g  i n j e c t i o n  i n t o  an  i n t e r s p a c e .  
Reviewing t h i s  l a r q e  l i s t  o f  s i d e  e f f e c t s ,  o n e  s h o u l d  r i g h t l y  
pause  befgre  c ~ n s i d e r i n g  t h e  u s e  o f  t h e s e  tests. 
One a l t e r n a t i v e  t o  rnyelography i s  t h e  use  o f  e l ec t romyography  
( R e f s .  3 and 4 ) .  T h i s  t e c h n i q u e  i s  used  t o  d e f i n e  t h e  s p e c i f i c  
n e r v e  r o o t  o r  r o o t s  i n v o l v e d  a s  m a n i f e s t e d  b y  c h a n g e s  o f  e l e c t r i c a l  
p o t e n t i a l  o f  a u s c l e s .  N e i t h e r  o f  t h e s e  methods i s  f o o l p r o o f .  
T h e  l a s t  a l t e r n a t i v e  t o  t h e  d i a g n o s t i c  t e c h n i q u e s  d i s c u s s e d  
e a r l i e r  is  e x p l o r a t o r y  s u r g e r y  o f  t h e  s p i n e  which seems t o  b e  even  
more u n d e s i r a b l e .  T h e r e f o r e ,  t h e r e  i s  a  q r e a t  need f o r  t h e  deve lop -  
ment o f  n o n i n v a s i v e  d i a q n o s t i c  t e c h n i q u e s  t h a t  would b e  s a f e r  and 
more a c c u r a t e  t h a n  t h e  e x i s t i n g  o n e s .  
5. Enqineer  inq  Fundamen ta l s  
a .  V i s c o e l a s t i c i t y  
1) D e f i n i t i o n  
V i s c o e l a s t i c i t y  i s  a  m a t e r i a l  ? r o o e r t y  p o s s ~ s s z d  b y  s o l i d s  
and l i q u i d s  wh ich ,  when de fo rmed ,  e x h i b i t  b o t h  v i s c o u s  and e l a s t i c  
b e h a v i o r  t h r o u g h  s i m u l t a n e o u s  d i s s i p a t i o n  a n 3  s t o r a q e  of  n e c h a n i c a l  
e n e r g y  ( R e f .  2 8 ) .  The q a t e r  i a l  c o n s t a n t s  c ~ n n e c t i n q  s t r e s s  and  
s t r a i n  i n  t h e  l i n e a r i z e d  t h e o r y  o f  e l a s t i c i t y  become t i m e  d e p e n d s n t  
m a t e r i a l  f u n c t i o n s  i n  t h e  c o n s t i t u t i v e  e q u a t i o n s  o f  v i s c o e l a s t i c  
t h e o r y .  
Example: A v i s c o e l a s t i c  n a t e r i a l  when s u b j e c t e d  t o  a  c o n s t a n t  
d e f o r m a t i o n ,  t h e  f o r c e s  r e q u i r e d  t o  m? . in t a in  t h a t  
d e f o r m a t i o n  d e c r e a s e  w i t h  time. 
2 1 Boltzrnann' s S u p e r p o s i t i o n  ~ r  i n c i p i e  ( L i n e a r  Theory)  
A t  s u f f i c i e n t l y  s q a l l  s t r a i n s ,  t h e  b e h a v i o r  o f  a n i s o t r o p i c  
l i n e a r  v i s c o e l a s t i c  m a t e r i a l s  i s  w e l l  d e s c r i b e d  b y  t h e  f o l l o w i n g  
c o n s t i t u t i v e  e q u a t i o n :  
oi(t) = rt  C i j  ( t - u )  d ~ ;  (u )  ( i f  j = 1, 2 ,  . . . 6 )  
-a3 J 
where : 
t = t i m e  
a i ( t )  = t h e  s i x  components  o f  t h e  symmetr ic  stress t e n s o r  
E ( t)  = t h e  c o r r e s p o n d i n g  s t r a i n s  
C i j  ( t )  = t h e  t i m e  d e p e n d e n t  s t i f f n e s s  m a t r i x  (it c h a r a c t e r i z e s  
t h e  memory of  t h e  m a t e r i a l ) .  
E q u a t i o n  (1)  s t a t e s  t h a t  t h e  s t r e s s  a t  t i ~ e  t under  an  a r b i t r a r y  
s t r a i n  h i s t o r y  i s  ?I l i n e a r  s u p e r o o s i t i o n  o f  a l l  s t r - l i n  i n c r e n e n t s  
a p p l i e d  a t  p r e v i o u s  t i n e s  u and t h e  r e l a x a t i o n  t i n e  c o r r e s m n d i n g  
t o  t h e  t ime  i n t e r v a l  t - u  which hss  e l a o s e d  s i n c e  i q p o s i t i o n  o f  t h e  
r e s p e c t i v e  s t r a i n s .  
By takinq t h e  Carson t ransform ( a  s p e c i a l  c a s e  of  Laplace t rans form)  
of Equation ( I ) ,  we o b t a i n  t h e  fol lowinq eaua t ion :  
where: oi ( s )  , C ( s )  and E .  ( s )  a r e  t h e  Carson (Lap lace )  t rans forms  i j 1 
of a i ( t ) ,  C. . ( t )  and c .  ( t )  r e s p e c t i v e l y .  
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Equation ( 2 )  i s  t h e  a s s o c i a t e d  Hooke's law of l i n e a r  ~ l a s t i c i t y  ( s e e  
the  correspondence p r i n c i p l e  (Ref .  31)  of t h e  theory  of v i s c o e l a s t i c i t v ) .  
There fore ,  t h e  exp re s s ions  f o r  t h e  components of  t h e  C ( s )  matr ix  ij 
from t h e  l i n e a r  theory  of e l a s t i c i t y  can be app l i ed  i n  t h e  Laplace 
s-plane f o r  v i s c o e l a s t i c  m a t e r i a l s .  
( 1 )  Express ions  f o r  t h e  C ( s )  Matrix f o r  Various Types of 
-- -i j --- ------- 
Mate r i a l s .  Next, we ~ r e s e n t  t h 5  form of t h e  s t i f f n e s s  mat r ix  C , , ( s )  
f o r  a n i s o t r o p i c ,  o r t h o t r o p i c ,  t r a n s v e r s e l y  
m a t e r i a l s  ( ke f s .  29 and 30)  . 
( a )  For Anisotropic* Ma te r i a l s  
---- 
cij ( s )  = 
A J  
i s o t r o ~ i c  and i s o t r o p i c  
where C ( s ) , . . . ,  C ( s )  a r e  2 1  d i s t i n c t  m a t e r i a l  p r o p e r t i e s .  
11 66 
T n x ' f e r i a l  f o r  which i t s  mechanical p r o p e r t i e s  a r e  d i f f e r e n t  i n  
all directions at a point in a body (no plane of material sym- 
metry) is called anisotropic. 
( b )  O r t h o t r o n i c *  M a t e r i a l s .  (When t h e  p l a n e s  o f  m a t e r i s l  
---- ---- 
symmetry c o i n c i d e  w i t h  t h e  s t r e s s - s t r a i n  c o o r d i n a t e  s y s t e n . )  I n  
t h i s  c a s e ,  t h e  C ,  . - , ( s )  lnatr  i x  h a s  t h e  form 
where t h e  f u n c t i o n s  C i 1 ( s ) r  C I 2 ( S ) ,  f 3 ( s ) ,  C 2 2 ( 5 ) ,  C 2 3 ( ~ ) r  C 3 3 ( S ) r  
C 4 4 ( s ) '  C 5 $ s )  and  C 6 d s )  a r e  f u n c t i o n s  o f  t h e  Younq t s  modu l i ,  
P o i s s o n ' s  r a t i o s ,  and  s h e a r  modu l i  v i a  t h e  r e l a t i o n s :  
r El(j] 1 - l e i  L 32'"' 23 c r p  = 
A ( 5 )  
--- 
* A m a t e r i a l  f o r  which i t s  m e c h a n i c a l  p r o p e r t i e s  a r e  d i f f e r e n t  
i n  t h r e e  m u t u a l l y  p e r p e n d i c u l a r  d i r e c t i o n s  a t  a  p o i n t  i n  t h e  
body i s  c a l l e d  o r t h o t r o p i c .  
where : 
( c )  Transverse ly*  I s o t r o p i c  Ma te r i a l s  - ( O r t h o t r o p i c  s h e e t s ) .  
In  t h i s  c a s e ,  t h e  mat r ix  ( 4 )  reduces  t o  
Cij  ( S )  = 
where t h e  f i v e  unknowns C ( s ) ,  C 1 2 ( s ) ,  C 1 3 ( s ) ,  C ( s )  and C ( s )  a r e  11 33 4 4  
f u n c t i o n s  o f  t h e  Young's moduli E l ( s ) ,  E 3 ( s ) ,  t h e  Po i s son ' s  
r a t i o s  v 1 2 ( S ) f  ( s ) ,  and t h e  shear  modulus G ( s )  v i a  t h e  r e l a t i o n s :  13 
* A m a t e r i a l  f o r  which a t  every  ~ o i n t  h e r e  i s  one p l ane  i n  which 
t h e  mechanical p r o p e r t i e s  a r e  t h e  same i s  c a l l e d  -- t r a n s v e r s e l y  
--- 
i s o t r o p i c  ( i . e . ,  P r o p e r t i e s  a r e  t h e  sane i n  1 and 2 d i r e c t i o n s ) .  
--- 
where: 
( d )  I s o t r o p i c  Mater ia l s* .  For t h i s  c a s e ,  
------- 
t h e  C i j (  s)  n a t r i x  
reduces  t o :  
I C l 2 ( s )  C I Z ( S )  C l l ( S )  0 0 0 
c . .  ( S )  = 1 7  ! 
---------- 
* A na t e r i . 21  fo r  which i t s  mechanical 2 r o ~ z r t i . e ~  a r e  t h e  same i n  eve ry  
d i r e c t i o n  a t  a p o i n t  i n  a body i s  i s o t r o p i c .  
-- 
In t h i s  c a s e ,  t h e r e  a r e  o n l y  two unknowns: 5 1  ( s )  and C ( s )  12 
which d e ~ e n d  o n l y  on  E(s) and v ( s )  v i a  t h e  r e l a t i o n s :  
E (s)  
C 1 p )  = 2 1 - v (s) 
The Young's  m o d u l i ,  t h e  P o i s s o n ' s  r a t i o s  and t h e  s h e a r  modu l i  
must  be  d e t e r m i n e d  e x p e r i v e n t a l l y  . However, s i n c e  s u c h  t a s k s  
i n v o l v e  c o n s i d e r a b l e  t e c h n i c a l  d i f f i c u l t i e s ,  o n l y  e x p e r i n e n t s  
a s s o c i a t e d  with t h e  d e t e r m i n a t i o n  o f  Ygung's  n o d u l i  have  been  
pe r fo rmed ,  and some i d e a s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  P o i s s o n ' s  
r a t i o s  and t h e  s h e a r  modul i  a r e  d i s c u s s e d  i n  Appendix -.-- A and w i l l  
be t h e  s u b j e c t  o f  f u t u r e  r e s e a r c h .  
3 M a t e r i a l  P r o p e r t i e s  
We t h i n k  t h a t  t h e  f o l l o w i n g  e f f e c t s  a r e  o p e r a t i v e  i n  
a f f e c t i n g  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  d i s c  m a t e r i a l :  
(1)  The R e l a x a t i o n  o f  t h e  Macromolecules  ( R e f .  3 2 ) .  I n  
-- - 
a  po lymer ,  e a c h  m o l e c u l e  o c c u p i e s  a n  a v e r a q e  v o l u n e  c o n s i d e r a b l y  
l a r g e r  t h a n  a t o m i c  d i m e n s i o n s .  I t  c h a n s e s  s h a p e  c o n t i n u o u s l v  
b e c a u s e  o f  t h e  p o s s i b l i t i e s  o f  m o t i o n s  ( d u e  t o  t h e r n s l  e n e r g y )  
around i t s  a t o m i c  bonds .  To c h a r a c t e r i z e  i t s  v a r i o u s  c o n f  i g u r a t i o n s  
i t  is  n e c e s s a r y  t o  c o n s i d e r :  G l o b a l  ( l o n g - r a n g e )  c o n t o u r  r e l a t i o n -  
s h i p s ,  somewhat more l o c a l  ( s h o r t e r  r a n g e )  r e l a t i o n s h i p s ,  and 
s o  o n e ,  e v e n t u a l l y  i n c l u d i n g  t h e  o r i e n t a t i o n  o f  b o n d s ,  i n  t h e  
po lymer i c  c h a i n ,  w i t h  r e s p e c t  t o  e a c h  o t h e r  on an  a t o q i c  s c a l e .  
Rear rangements  on  t h e  a t o m i c  s c a l e  a r e  r e l a t i v e l y  r a p i d .  On t h e  
other  hand, r ea r r snas ra?n t s  can be verv  slow on t h e  lons-ranqe 
s c a l e .  
Under s t r e s s ,  new conf i a u r a t i o n s  of  t h e  polyaer  molecules 
a r e  ob ta ined .  T h e  response  of t h e  ~ o l y m e r  t o  such e x c i t a t i o n  
i s  very  f a s t  on t h e  l o c a l  s c a l e .  T h i s  r esponse  i s  c h a r a c t e r i z e d  
o r  r e p r e s e n t e d )  by  t h e  " s h o r t  t ime" o r  g l a s s y  behavior .  On a 
----- 
l a rge r - r ange  s c a l e  t h e  response is slower and i s  r e ~ r e s e n t e d  b y  
t h e  t r a n s i t i o n  r eq ion .  For t h e  very  lonq-ranqn s c a l ?  t h i s  respons? 
----- ---- 
i s  very  slow, and i t  i s  r ep re szn t ed  by t h e  rubbery o l a t e a u .  
----- 
The curve  i n  Figure 3.15 i s  known a s  r e l a x a t i o n  curve and i t  
- 
shows t h e  mechanical behavior f o r  an amorphous ( s i n q l e  phase)  rubber-  
l i k e  n a t e r i a l .  
LOG t 
Figure 3.15. S inq l e  Phase System Relax3t ion Curve 
However, t h e  d i s c  l a m e l l a e  can be cons idered  a s  a two nhase m a t e r i a l .  
The f i r s t  phase i s  a s s o c i a t e d  with t h e  rnuconolysaccharides and t h e  
second one with t h e  c o l l a g e n .  For such a m a t e r i a l  t h e  r e l a x a t i o n  
modulus  c u r v e  may h a v e  two ( o r  m o r e )  t r a n s i t i o n  r e q i o n s .  The 
p r e s e n c e  o f  more  t h a n  two  t r a n s i t i o n  r e q i o n s ,  i f  t h e y  e x i s t ,  i s  
p r o b a b l y  d u e  t o  e n t a n q l e r n e n t s ,  c h a n g e  o f  c r y s t a l i n e  s t r u c t u r e ,  e t c .  
A two p h a s e  r e l a x a t i o n  c u r v e  may l o o k  l i k e  t h e  o n e  q i v c n  i n  F i g u r e  3 .16  
- FIRST PHASE - 
TRANSIT1 ON SECOND PHASE 
REGION TRANSITION REG1 ON 
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LOG t 
F i g u r e  3 .16  Two P h a s e  S y s t e m  R e l a x a t i o n  C u r v e  
( 2 )  R e l a x a t i o n  o f  S w o l l e n  P o l y m e r s .  For t h e  p r e s e n t  
p u r p o s e  l e t  u s  c o n s i d e r  o n l y  c l o s e d *  s w o l l e n  s y s t e m s .  F e r r y  e x p l a i n s  
- - - ----- 
s u c h  m o l e c u l a r  b e h a v i o r  a s  f o l l o w s  ( R e f .  3 2 ) :  
"Khen a p o l y m e r  i s  d i l u t e d  w i t h  a s o l v e n t  o f  l o w  m o l e c u l a r  
w e i g h t  w i t h  w h i c h  i t  f o r m s  a t r u e  s o l u t i o n  i n  t h e  s e n s e  t h a t  t h e  
s o l v e n t  i s  n o l e c u l a r l v  d i s p e r s e d ,  t h e  l o c a l  f r i c t i o n  c o e f f i c i e n t  
i s  s h a r p l y  r e d u c e d .  Each p o l y m e r i c  c h a i n  u n i t  h a s  i n  i t s  v i c i n i t y  
d i l u e n t  n o l c c u l e s  a s  w e l l  a s  o t h e r  p o l p e r i c  s e g m e n t s ,  a n d  t h e  
former c a n  b e  d i s p l a c e d  i n  t r a n s l a t o r v  q o t i o n  much more easily, 
* A  s y s t e m  i s  c o n s i d e r e d  t o  b e  c l o s e d  i f  t h e r e  i s  no  n e t  f l o w  
o f  i t s  c o n s t i t u e n t  n h a s e s  a c r o s s  t h e  s y s t e m  b o u n d a r y .  
t h u s  lower  i nq  t h e  e f f e c t i v e  l o c a l  v i s c o s i t y .  The r e s u l t i n g  
r e d u c t i o n  i n  a l l  r e l a x a t i o n  times i s  t h e  most  s t r i k i n q  e f f e c t  on 
v i s c o e l a s t i c  p r o p e r t i e s . "  
T h i s  e f f e c t  i s  v i s i b l e  a s  a  h o r i z o n t a l  s h i f t  i n  t h e  ( l o q )  
t i m e  a x i s  o f  t h e  r e l a x a t i o n  modulus ,  and  i t  i s  shown i n  F i 7 u r e  3.17 
f o r  a n  amorphous r u b b e r l i k e  m a t e r i a l .  I n  o t h e r  words ,  i f  t h e  w a t e r  
c o n c e n t r a t i o n  i n c r e a s e s ,  t h e  r e l a x a t i o n  p r o c e s s  s p e e d s  up ,  t h e  
speed-up b e i n q  g i v e n  by t h e  f a c t o r  a t h a t  m u l t i p l i e s  t h e  t i m e .  
C 
From e x p e r i m e n t s  pe r fo rmed  i n  t h e  same t i m e  r a n g e  window b u t  
v a r y i n g  t h e  s o l v e n t  c o m p o s i t i o n  one  o b t a i n s  a  f a m i l y  o f  c u r v e s  a s  
shown i n  F i g u r e  3  -17 .  
I I I I I I I I I I I 
LOG t 
F i g u r e  3 .17 .  E f f e c t  o f  S o l v e n t  i n  t h e  R e l a x a t i o n  Modulus 
( S c h e m a t i c  R e p r e s e n t a t i o n )  
By s h i f t i n g *  h o r i z o n t a l l y  and v e r t i c a l l y  one  o b t a i n s  t h e  c u r v e  
shown i n  F i g u r e  3 .18 ,  known a s  t h e  m a s t e r  r e l a x a t i o n  c u r v e  ( R e f s .  
28 and 3 1 ) .  
-------'---- 
* S m i l a r l y  a s  o b t a i n e d  t h r o u q h  t h e  use  o f  t i m e - t e ~ ~ e r a t u r e  s h i f t s .  
3-34 
where: 
t = the  t ime, 
E ( t )  = t he  r e l axa t ion  modulus, 
C = the concent ra t ion ,  ( C  C , C  , C .  represent  concen- o f  2 -2 1 
t r a t i o n s  of so lven t ,  constant  during any t e s t )  
a  
C 
= the hor izonta l  s h i f t  f ac to r  ( s h i f t  along the  
time a x i s )  
There i s  a l s o  a v e r t i c a l  s h i f t  f a c t o r  (alonq t h e  modulus a x i s )  
which i s  due t o  t h e  volumetric changes i n  t h e  specimen. 
EXPERIMENIAL TIME 
~PANGE ( W I N D O W )  I 
Figure 3.18. Master Relaxation Curve a t  C Concentration 
0 
For t h e  case of a two phase system t h e  re l axa t ion  behavior i s  a l t e r e d  
by the  presence of a  swell ing agent a s  follows: 
( a )   on-uniform s h i f t i n g .  The t r a n s i t i o n  region 
por t ions  of t h e  r e l axa t ion  curve (Figure  3.16) 
f o r  both phases a r e  s h i f t e d  t o  s h o r t e r  t imes when 
the mater ia l  i s  swollen by a so lvent  compatible w i t h  
t he  two phases. However, i f  t h i s  s h i f t i n g  i s  not 
uniform, the  shape of t h e  r e l axa t ion  curve w i l l  depend 
on t h e  c o n c e n t r a t i o n  o f  t h e  s w e l l i n q  a g e n t .  I n  
t h i s  c a s e  t h e  p r o c e d u r e  f o r  t h e  c o n s t r u c t i o n  o f  
t h e  m a s t e r  r e l a x a t i o n  c u r v e  f o r  a n  amorphous r u b b e r -  
l i k e  i n a t e r i a l  w i l l  n o t  b e  a p p l i c a b l e .  T h e r e f o r e ,  
a  d i f f e r e n t  p r o c e d u r e  s h o u l d  b e  u t i l i z e d .  Such a  
p r o c e d u r e  i s  i n  g e n e r a l  a  c o m b i n a t i o n  o f  s h o r t ,  
i n t e r m e d i a t e ,  and lonq- te rm e x p e r i m e n t s .  
For example:  A wave n r o p a g a t i o n  e x p e r i m e n t  w i l l  
c o r r e s o o n d  t o  s h o r t  t i n e  min t o  4 1 0 ~ ~  rnin) , 
a dynamic t e s t i n g  ( f o r c e d - s i n u s o i d a l  e x c i t a t i o n )  
w i l l  c o v e r  t h e  i n t e r m e d i a t e  r e g i o n  rnin t o  
~ 1 0 - 1  n i n )  and a  r e l a x a t i o n  w i l l  c o v e r  t h e  l o n g  
t i m e  n i n  t o  - l o 3  rnin) . 
( b )  Uniform s h i f t i n g .  - I n  t h i s  c a s e  we c o n s i d e r  two t y p e s  
o f  b e h a v i o r .  The f i r s t  o n e  c o r r e s p o n d s  t o  a  t r u e  
un i fo rm s h i f t i n g  ( t h e  s h a p e  o f  t h e  r e l a x a t i o n  modulus  
c u r v e  d o e s  n o t  depend on t h e  c o n c e n t r a t i o n  o f  t h e  
s w e l l i n g  a q e n t  a l t h o u q h  i t s  h o r i z o n t a l  and v e r t i c a l  
s h i f t i n g  d o e s ) .  The  s econd  t y p e  c o r r e s p o n d s  t o  a 
s p e c i a l  non-uniform s h i f t i n g  w i t h  t h e  two t r a n s i t i o n  
r e q i o n s  w i d e l y  s e p a r a t e d .  I f  t h i s  i s  t h e  t y p e  o f  
b e h a v i o r ,  i n  p r a c t i c e ,  o n l y  o n e  t r a n s i t i o n  r e g i o n  is 
i m p o r t a n t  w i t h i n  t h e  time domain w e  a r e  i n t e r e s t e d  i n .  
I n  t h i s  c a s e  t h e  e f f e c t  o f  t h e  o t h e r  t r a n s i t i o n  i s  
n e q l i g i b l e .  T h i s  i m p l i e s  t h a t  t h e  s h i f t i n g  c a n  b e  
c o n s i d e r e d  a s  un i fo rm.  For t h e s e  two c a s e s  t h e  p r o c e d u r e  
a l r e a d y  d i s c u s s e d  f o r  amorphous r u b b e r l i k e  m a t e r i a l  
i s  a p p l i c a b l e .  We t h i n k  t h a t  un i form s h i f t i n g  i s  
p o s s i b l e  f o r  t h e  d i s c  spec imens  a s  i t  i s  shown e a r l i e r .  
Fu r the rmore ,  i n  a two-phase sys t em we must  c o n s i d e r  
v o l u m e t r i c  e f f e c t s  s u c h  a s  t h e  c h a n q e s  i n  volume d u e  
t o  t h e  s w e l l i n g  o t  t h e  c o l l a g e n  f i b e r s  and  t h e  muco- 
p o l y s a c c h a r  i d e s  m a t r i x .  These  c h a n q e s ,  which i n  t h e  
c a s e  o f  amorphous r u b b e r l i k e  m a t e r i a l  p r o d u c e  o n l y  a  
v e r t i c a l  s h i f t  ( s h i f t  a l o n g  t h e  modulus  a x i s )  i n  t h e  
r e l a x a t i o n  c u r v e ,  may a l s o  i n t r o d u c e  n o n - l i n e a r  e f f e c t s  
i n  t h e  m a t e r i a l  b e h a v i o r .  These  e f f e c t s  a r e  d u e  t o  t h e  
p r e s e n c e  o f  stresses i n  t h e  f i b e r s - m a t r i x  i n t e r f a c e .  
However, i f  t h e  d i f f e r e n c e  i n  s w e l l i n q  be tween  t h e  two 
p h a s e s  i s  n o t  l a r g e  enouqh w e  may e x o e c t  t h a t  t h e  two 
p h a s e  sys t em w i l l  b ehave  l i k e  t h e  o n e  p h a s e  sys t em.  
( 3 )  - T r a n s i e n t s  -- Caused by t h e  D i f f u s i o n  --- o f  t h e  S o l v e n t .  --- 
L e t  u s  now c o n s i d e r  t h e  example o f  t h e  s w e l l i n q  o f  
a  polymer i n  a  s o l v e n t .  I t  i s  a s s u ~ e d  t h a t  t h e  polymer i s  a c r o s s -  
l i n k e d  m a t e r i a l  which d o e s  n o t  d i s s o l v e  i n  t h e  s o l v e n t  d u e  t o  t h e  
e x i s t e n c e  o f  i n t e r m o l e c u l a r  bonds ,  b u t  i t  c a n  a b s o r b  some o f  t h e  
s o l v e n t  ( s w e l l i n q ) .  C o n s i d e r i n q  s u c h  a  oo lyrner -so lvent  i n t e r a c t i ~ n  
. t h e  s o l v e n t  w i l l  d i f f u s e  i n t o  t h e  polymer and e q u i l i b r i u m  w i l l  be  
r e a c h e d  a f t e r  some time. The d i f f u s i o n  n r o c e s s  i n v o l v e s  t h e  pene- 
t r a t i o n  o f  t h e  s m a l l  m o l e c u l e s  i n t o  t h e  s o l i d  (wh ich  n a y  o b e y  F i c k ' s  
l a w  o f  d i f f u s i o n )  , and t h e  c h a n g e s  o f  t h e  m a t e r i a l  p r o p e r t i e s  i nduced  
by t h e  p r e s e n c e  o f  t h e  s o l v e n t  a s  was d i s c u s s e d  o r e v i o u s l y .  
For t h e  s t u d y  o f  t h e  i n t e r a c t i o n  between t h e  m e c h a n i c a l  
b e h a v i o r  o f  t h e  d i s c  m a t e r i a l  and t h e  d i f f u s i o n  o f  w a t e r ,  t h r e e  
c a s e s  w i l l  be  d i s c u s s e d .  For t h e s e  c a s e s  t h e  d i s c  s p e c i n e n  w i l l  
b e  c o n s i d e r e d  a s :  
Case 1: A c l o s e d  sys t em f o r  a l l  t i m e  ( i . e . ,  t h e  spec imen  
i s  p r o p e r l y  c o a t e d  w i t h  s i l i c o n  g r e a s e  o r  o t h e r  
i n e r t  m a t e r i a l s ) .  
Case 2 :  An open sys t em ( i . e . ,  t h e  spec imen  w i t h o u t  c o a t i n q )  
i n  w a t e r  o r  s a l i n e  s o l u t i o n  e n v i r o n m e n t  which 
?e r rn i t s  s w e l l i n g .  
Case 3 :  An open sys t em i n  a n  e n v i r o n m e n t  a t  low h u m i d i t y  
( room e n v i r o n m e n t )  which d r i e s  t h e  spec imen.  
F i q u r e  3 .19 r e p r e s e n t s  t h e  e x w c t e d  r e s p o n s e s  f o r  c a s e s  1, 2 and 3 ,  





F i g u r e  3.19 Times f o r  E q u i l i b r i u m  D i f f u s i o n  and D i f f u s i o n -  
R e l a x a t i o n  I n t e r a c t i o n  t o  a S t e p  o f  S t r a i n  
E x c i t a t i o n  
We d e f i n e  tl a s  t h e  t i m e  f o r  w h i c h  we b e q i n  t o  d o t e c t  d e v i a t i o n  
from c a s e  1, c a u s e d  by  d i f f u s i o n ,  i n  t h e  r e l a x a t i o n  b e h a v i o r  o f  
t h e  spec imen ,  and t2 a s  t h e  t i m e  f o r  which no  f u r t h e r  c h a n g e s  w i t h  
r e s p e c t  t o  t h e  t i m e  a r e  d e t e c t a b l e  i n  t h e  r e l a x a t i o n  beha.vior  o f  
c a s e s  2 and 3 .  
The systero w i l l  be considered c losed  i n  a l l  c a s e s  f o r  t,::t . 
1 
For t imes  t > t t h e  system i s  cons idered  t o  be  i n  equ i l i b r ium with  
CI 
L 
i t s  environment and t h e  s t r e s s e s  have been complete ly  r e l axed .  I t  
m u s t  be mentioned he re  t h a t  f o r  a  g iven  specimen t h e  de t e rmina t ion  
of t he  e x a c t  v a l u e s  of  t h e  t imes  tl and t2 i s  l i m i t e d  by t h e  s e n s i t i v i t y  
of  t h e  experiment (measurement o f  f o r c e s ,  e l o n g a t i o n s ,  c o n c e n t r a t i o n s ,  
t empera ture ,  e t c .  ) . These t imes  a r e  n o t  m a t e r i a l  ~ a r a m e t e r s ,  because  
they depend on t h e  geometry o f  t h e  specimen. They de7end on: type  
of m a t e r i a l s  ( l a r n e l l a e ,  n u c l e u s ) ,  concen t r a t i on  of water i n  t h e  
specimen, c o n c e n t r a t i o n  of  water i n  t h e  environment,  qeornetric shape ,  
a r ea  of t h e  specimen exposed t o  t h e  env i ronnen t ,  c r o s s - s e c t i o n a l  
a r e a ,  s t r e s s e s ,  s t r a i n s  and temperature .  We t h i n k  t h a t  t,. i s  r e l a t e d  
t o  an i n t e r a c t i o n  of  d i f f u s i o n  and r e l a x a t i o n  p roces se s .  
b. Equi l ibr ium P r o p e r t i e s  o f  Polymers Embedded i n  Solvent  
The s t a t e  o f  equ i l i b r ium i s  def ined  a s  t h e  s t a t e  i n  which 
t h e r e  w i l l  be no change of  t h e  mechanical p r o p e r t i e s  w i t h  r e s p e c t  
t o  time and no n e t  f low o f  s o l v e n t .  Let u s  now cons ider  t h e  
a 2 p l i c a t i o n  o f  a  s t r a i n  ( s t r e s s )  t o  t h e  swol len polymer. T h i s  i s  
equ iva l en t  t o  t h e  i n t r o d u c t i o n  of  mechanical energy which b y  t h e  
a p p l i c a t i o n  of  thermodynamical p r i n c i ? l e s  imp l i e s  t h a t  a new 
equ i l i b r ium s t a t e  w i l l  be reached a f t e r  sone t ime.  
This  e f f e c t  h a s  been reviewed by Tre loa r  f o r  amorphous 
r u b b e r l i k e  m a t e r i a l s  (Ref .  3 3 ) .  He found t h a t  t h e  e q u i l i b r i u a  
s t a t e s  a r e  r e l a t e d  t o  t h e  fol lowing p r o p e r t i e s :  
(1) The molecular  volume ( V  ) of t h e  s o l v e n t  ( c c  per rnol).  1 
( 2 )  The molecular  weight  ( M  ) between c r o s s l i n k i n q  ~ o i n t s  
C 
f o r  t h e  polymer. 
( 3 )  A parameter ( p )  which c h a r a c t e r i z e s  t h e  i n t e r a c t i o n  
between t h e  polymer and t h e  s o l v e n t .  
( 4 )  The cornnosition o f  t h e  swol lsn  polymer, volurne f r a c t i ~ n  
( U  1 .  
( 5 )  The apo l i e?  s t r a i n  ( & = A - 1 ,  where1 i s  t h e  s t r e t c h *  r a t i o ) .  
( 6 )  The d e n s i t y  ( p ) .  
These parameters  a r e  r e l a t e d  by  t h e  Flory-Huqqins equa t ion  
( R e f .  3 3 ) :  
where : 
H = t he  un ive r sa l  g a s  c o n s t a n t  
t = t h e  temperature  
a = 1, 2 ,  3 ( P r i n c i p a l  d i r e c t i o n s )  
This  equa t ion  r e p r e s e n t s  a  p a r t i c u l a r  c o n s t i t u t i v e  equa t ion  
f o r  polymeric i s o t r o ~ i c  m a t e r i a l s  wi th  zero  s o l - f r a c t i o n  i n  t h e  
p re sence  n f  solvents. The sol-fraction is t h e  part 9 f  t h e  material 
which i s  uncross l inked i n  t h e  c r o s s l i n k e d  m a t e r i a l  o r  q e l .  The s o l -  
f r a c t i o n  w i l l  f low o u t  o f  t h e  g e l  when t h e  m a t e r i a l  is p laced  i n  
s o l v e n t  ( w a t e r ) .  
For t h e  ca se  o f  s imple  t e n s i o n  we have: 
and Equation (10 )  reduces  t o  a s e t  o f  two equa t ions .  
* S t r e t c h  r a t i o  ( A )  is  de f ined  t o  be t h e  r a t i o  o f  t h e  deformed 
---- 
over t h e  undeformed d inens ions .  
(: . Non-Linear ~ i s c o e l a s t i c  Uehavior 
1) I s o t r o p i c  Nearly I n c o r n ~ r e s s i b l e  Polymers 
The nuc leus  pulposus  i s  cons idered  t o  be an i s o t r o p i c  a l n o s t  
incompress ible  s o f t  polymer. There fore ,  we th ink  t h e  r e c e n t l y  
developed theo ry  of t h e  nn"  ( R e f s .  34-37) measure of  s t r a i n  can be 
app l ied  t o  account f o r  t h e  s t r e s s - s t r a i n  n o n - l i n e a r i t y .  For d i s -  
cuss ion  purposes  we w i l l  o n l y  cons ide r  t h e  equ i l i b r ium ( e l a s t i c )  
s im9le t ens ion  c a s e  of  t h i s  t heo ry .  T h i s  t heo ry  y i e l d s  f o r  
moderately l a r g e  d e f o r n a t i o n s  ( U P  t o  100% or  more f o r  some m a t e r i a l s )  
i n  simple t e n s i o n  t o  t h e  equa t ion  
where: G is  t h e  shear  modulus 
- 
0 is  t h e  t r u e  s t r e s s  ( f o r c e  over deformed a r e a ) .  
T h i s  theory  has  been extended t o  account f o r  t h e  v i s c o e l a s t i c  
behavior f o r  m a t e r i a l s  f o r  which i t  i s  p o s s i b l e  t o  s e p a r a t e  time 
e f f e c t s  from s t r a i n  non- l inear  e f f e c t s .  For t h e s e  m a t e r i a l s  when 
they a r e  exc i t ed  by 3 D a r t i c u l a r  s t r a i n  func t ion  ( t h a t  i s  t h e  s t e p  
of  s t r a i n )  t h e i r  resnonse  can be f a c t o r i z e d  i ~ t o  3 s t r a i n  dependent 
func t ion  ( s t r a i n  e f f e c t )  and a  t ime dependent on? ( t i m e  e f f e c t )  a s  
i t  can be seen i n  Sec t ion  V-6-b. 
2 ) Anisotropic  Polymers 
I n  n a t u r a l l y  occu r r inq  polymers i s o t r o p y  i s  a r a r e l y  encoun- 
t e red  phenomenon. A l a r g e  c l a s s  of them can be c h a r a c t e r i z e d  a s  
t r a n s v e r s e l y  i s o t r o p i c  ( m a t e r i a l  w i t h  a  p r i n c i p a l  a x i s  such t h a t  
a t  any ? l ane  perpendicu la r  t o  t h i s  a x i s  t h e  e l a s t i c  g r o p e r t i e s  a r ?  
3-41 
i d e n t i c a l  i n  a l l  d i r e c t i o n s ) .  Exarnr~ les  o f  s u c h  n a t e r i a l s  a r e  
h u n a n  i n t e r v e r t e b r a l  d i s c  l a m e l l a e ,  s k i n ,  t e n d o n s ,  l i q a m e n t s ,  e t c . ,  
a l l  o f  which  a r e  o f  a " f i b r o u s "  n a t u r e .  Green  and A d k i n s  (Ec2f .  3 8 )  
h a v e  d o c u m e n t e d  t h a t  f o r  t h e  spec ia l  c a s e  o f  t r a n s v e r s e l y  i s o t r o 3 i c  
m a t e r i a l s  u n d e r  l a r q e  d e f o r m a t i o n s  the c o n s t i t u t i v e  r e l a t i o n s  c a n  
b e  e x p r e s s e d  i n  terms o f  f i v e  i n v a r i a n t  f u n c t i o n s  o f  t h e  d e f o r n -  
a t i o n  g r a d i e n t  ( t h e v  r e m a i n  i n v a r i a n t  f o r  t h e  s p e c i a l  t r a n s f o r n a t i o n  
p e r t i n e n t  t o  t h e  s u m n e t r y  o f  t h e  m a t e r i a l )  which  a r e  i n  t u r n  r e l a t e d  
t o  t h e  p r i n c i p a l  s t r e t c h  r a t i o s  X 1' X 2 '  and  h3.  To t h e  b e s t  o f  
o u r  k n o w l e d g e ,  o n l y  two a t t e r n ~ t s  h a v e  b e e n  made t o  d e v e l o n  s u c h  
e l a s t i c  c o n s t i t u t i v e  e q u a t i o n s  f o r  s u c h  ~ a t e r i s l s  ( R e f s .  3 9  and 4 0 ) .  
The e x t e n s i o n  o f  t h e s e  e l a s t i c  t h e o r i e s  t o  v i s c o e l a s t i  c: ~na t . e r  ia1.s 
h a s  n o t  b e e n  e x p l o r e d  s u f f i c i e n t l y .  However,  w e  k n ~ w  t h a t  f o r  s o n e  
m a t e r i a l s  t h e  s i a p l i s t i c  a p p r o a c h  ( s e p a r a t i o n  o f  s t r a i n  a n d  t i m e  
e f f e c t s )  t h a t  was v a l i d  f o r  i s o t r o p i c  n a t e r i a l s  d o  n o t  h o l d  f o r  
a n i s o t r o p i c  b e h a v i o r .  An e x a m p l e  o f  s u c h  n o n - l i n e a r  v i s c o r l a s t i c  
c o n s t i t u t i v e  e q u a t i o n  i s  q i v e n  by Cheunq a n d  H s i a o  ( R e f .  4 0 )  f o r  
b l o o d  v e s s e l s .  
d .  I r r e v e r s i b l e  E f f e c t s  
I n  t e s t i n q  f o r  m a t e r i a l  b e h a v i o r  i t  i s  a l w a v s  p r o h 3 b l e  t h 3 t  
t h e  s p e c i m e n  may b e  u e r n a n e n t l y  damaged e i t h z r  b e c a u s e  o f  s t r s i n  
( s t r e s s )  i n d u c e d  damage ( R e f s .  4 1 - 4 5 )  o r  b i o - c h e a i c a l  c h a n 7 e s  
( o x i d a t i o n ,  c r o s s l i n k i n q  o r  d e c o n p o s i t i o n  o f  t h e  p o l y m e r  d u r i n ?  
t h e  e x p e r i m e n t s )  . 
N e i t h e r  e f f e c t  was s t u d i e d  i n  t h e  c o u r s e  o f  t h i s  work .  
e .  D i g i t a l  Inaqe  P r o c e s s i n a  T e c h n i a u e s  
Imaqes,  i n  t h e  f o r x  i n  w h i c h  t h e y  u s u a l l y  o c c u r ,  a r e  n o t  
d i r e c t l y  a a e n a b l e  t o  computer  a n a l y s i s .  S i n c e  compu te r s  work w i t h  
n u m e r i c a l  d a t a ,  a n  imaqe mus t  h e  c o n v e r t e d  t o  n u m e r i c a l  form b e f o r e  
p r o c e s s i n g .  T h i s  c o n v e r s i o n  p r o c e s s  i s  c a l l e d  " d i q i t i z a t i o n , "  and 
i s  done u s i n q  f i l m  d i g i t i z e r s  ( i . e . ,  D I C O M E G  57 s c a n n e r ) .  The imaqe 
i s  d i v i d e d  i n t o  s m a l l  r e c t a n q u l a r  r e q i o n s  c a l l e d  " p i x e l s . "  ( F i g u r e  
3 . 2 0 ) .  For e a c h  p i x e l  an  i n t e g e r  number ( q r e y  l e v e l * )  i s  g e n e r a t e d ,  
a s s o c i a t e d  w i t h  t h e  d e q r e e  o f  b r i q h t n e s s  o f  t h e  i n a g e  a t  t h a t  p o i n t .  
Then t h e  image i s  r e ~ r e s e n t e d  by a  r e c t a n g u l a r  a r r a y  o f  i n t e g e r s  
( d i q i t i z e d  imaqe)  w i t h  some n o i s e  i n t r o d u c e d  by t h e  f i l m  d i g i t i z e r .  
P e r c e p t i o n  o f  l o w - c o n t r a s t  f e a t u r e s  i n  a n  imaqe depends  upon 
e x i s t i n q  v i s u a l  c h a r a c t e r i s t i c s  ( i . e . ,  s h a r p  e d g e s ) .  When these  
c h a r a c t e r i s t i c s  d o  n o t  e x i s t  and  n o i s e  i s  added t o  t h e  i n a g e ,  
t h e  d e t e c t i o n  o f  t h e s e  l o w - c o n t r a s t  f e a t u r e s  becomes i m p o s s i b l e .  
S i n c e  f i l m  r e a d e r s  c a n  d e t e c t  f i l m  d e n s i t y  c h a n g e s  o f  l e s s  t h a n  1%, 
i t  is p o s s i b l e  t o  enhance  d e s i r a b l e  f e a t u r e s  o f  t h e  p i c t u r e .  
T h i s  enhancement  c a n  b e  done  by  means o f  d i g i t a l  imaqe 
p r o c e s s i n g  ( R e f .  5 ) .  A c t u a l l y ,  l i n e a r  c o n t r a s t  s t r e t c h i n g  and  
f i l t e r i n g  t e c h n i q u e s  a r e  a p p l i e d  f o r  t h e  change  o f  t h e  p o i n t  by 
p o i n t  i n t e n s i t y  o f  t h e  i n i t i a l  d i g i t a l  imaqe and f o r  t h e  removal  
o f  n o i s e .  D i q i t a l  image p r o c e s s i n q  s t a r t s  w i t h  a n  image and 
p roduces  a  q o d i f i e d  v e r s i o n  o f  t h a t  image.  A f t e r  p r o c e s s i n g ,  t h e  
f i n a l  irnase may b e  d i s p l a y e d  by  r e v e r s i n g  t h e  p r o c e s s  o f  d i g i t i -  
z a t i o n .  
-- -- 
* The g r e y  r e v =  o f  e a c h  p i x e l  i s  used t o  d e t e r m i n e  t h e  b r i g h t n e s s  
o r  d a r k n e s s  o f  t h e  c o r r e s p o n d i n q  p o i n t  on  a  d i s p l a y  s c r e e n .  
SAMPLES 
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DIVIDED INTO LINE5 AND SAMPLES 
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F i g u r e  3 .20 .  Array  o f  P i x e l s  
' D i g i t a l  image a n a l y s i s '  i s  t a k e n  t o  mean a  p r o c e s s  which 
t a k e s  a d i g i t a l  image i n t o  someth inq  o t h e r  t h a n  a d i q i t a l  image,  
s u c h  a s  a  s e t  o f  measurement  d a t a .  For example ,  i f  a  d i q i t a l  imaqe 
c o n t a i n s  a  number o f  o b j e c t s ,  a  proqram m i g h t  a n a l y z e  t h e  i n a g e  and 
d i q i t a l  image i n t o  a  s e t  o f  o b j e c t  measurements  and would b e  an 
a p p l i c a t i o n  o f  d i g i t a l  image a n a l y s i s .  The t e r m  d i g i t a l  imaqe 
p r o c e s s i n q ,  however ,  i s  l o o s e l y  used  t o  c o v e r  b o t h  p r o c e s s i n g  and 
a n a l y s i s .  
6.  B i o r n e c h a n i c a l  R e v i e w  
a .  On M a t e r i a l  P r o p e r t i e s .  
F i r s t ,  w e  p r e s e n t  a  r e v i e w  o f  t h e  l i t e r a t u r e  o n  t h e  e x p e r i -  
m e n t a l  work  d o n e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  m e c h a n i c a l  p r o g e r  t i e s  
o f  t h e  human i n t e r v e r t e b r a l  d i s c  m a t e r i a l .  C o m p r e s s i o n  e x p e r i m e n t s  
h a v e  b e e n  c a r r i e d  o u t  b y  V i r g i n  ( R e f .  11) u s i n g  a s  a  s p e c i m e n  t h e  
e n t i r e  d i s c  w i t h  t h i n  s l i c e s  o f  b o n e  a t  e a c h  o f  i t s  e n d s .  T h e  
s p e c i m e n  was k e p t  i n  R i n g e r ' s  s o l u t i o n *  b e f o r e  a n d  d u r i n q  t e s t i n g  
a n d  a t  r o o n  t e m p e r a t u r e .  
T h e  m a i n  f i n d i n g  o f  V i r g i n "  work  was t h a t  t h e  d i s c  p o s s e s s e s  
a n o n l i n e a r  v i s c o e l a s t i c  b e h a v i o r  w i t h  s i q n i f i c a n t  e n e r a y  d i s s i p a t i o n  
d e p e n d i n g  o n  t h e  a g e  o f  t h e  s u b j e c t  ( F i g u r e  3 . 2 1 ) .  
Brown,  H a n s e n  a n d  Y o r r a  a p p l i e d  a x i a l  c o m p r e s s i o n  t o  t h e  
e n t i r e  d i s c  w i t h  l a r g e  p o r t i o n s  of  t h e  v e r t e b r a l  b o d i e s  a t  b o t h  e n d s  
( R e f .  4 6 ) .  T h e y  a l s o  p e r f o r m  t e n s i l e  t es t s  u s i n r f  d i s c s  w h i c h  were 
c u t  i n t o  b l o c k  s a m p l e s  a s  shown  i n  F i g u r e  3 . 2 2 ,  e x c l u d i n q  s a m p l e s  
c o r r e s p o n d i n g  t o  t h e  n u c l e u s  p u l ~ o s u s .  T h e i r  e x p e r i q e n t s  were p e r -  
f o r m e d  u n d e r  u n c o n t r o l l e d  h u m i d i t y  a n d  t e r n ~ e r a t u r e  ( r o o m  c o n d i t i o n s ) .  
1. // YOUNG DISC 
DEFLECTION x lo5 in. 
F i g u r e  3 . 2 1  E f f e c t  o f  L o a d i n q  t o  500  l b  a n d  u n l o a d i n g .  ( ~ f t e r  v i r q i n )  
0 . 0 4  KCL, 0 . 0 2 5  q r  C a C 1 2 ,  0 . 0 2  7 r  N a H C O j ,  i n  11-10 711 s o l u t i o n  
ANNULUS, NUCLEUS 
Fiqure 3 . 2 2 .  Sampled I n t e r v e r t e b r a l  Disc. 
They domonstr3ted a s t r o n g  non l inea r  s t r e s s - s t r a i n  behavior  of  t h e  
d i s c  m a t e r i a l  i n  both t 3ns ion  and compression. S imi la r  r e s u l t s  were 
r e p o r t e d  b y  Yarnada (Ref .  4 7 )  and a r e  shown i n  Figures  3 .23  and 3 . 2 4 .  
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Fiqure  3 . 2 3  S t r e s s - S t r a i n  Curves of  Fresh Hunan I n t e r v e r t e b r a l  Disc 
( a )  In  Tension,  ( b )  I n  Com~ress ion  (Af t e r  Yamada) 
S imi la r  bu t  inore r e f i n e d  measurements were performed by 
Galan te  (Re f .  1 0 )  who measured t h e  t e n s i l e  p r o ~ e r t i e s  of  t h i c k  s e c t i o n s  
3f t h e  annulus  f i b r o s u s .  H i s  main assumption was t h a t  t h e  water l o s s  
f r o x  t h e  spec iaen  i n f l u e n c e s  t h e  mechanical response  o f  t h e  m a t e r i a l .  
AUGLE OF V4S1 (MGREESI 
F i g u r e  3 . 2 4 .  Moment-Anqle o f  T w i s t  C u r v e s  o f  Wet 
Human I n t e r v e r t e b r a l  Disc ( A f t e r  
Yarrtada) 
I n  h i s  e f f o r t  t o  m i n i m i z e  t h e  w a t e r  l o s s  t o  t h e  e n v i r o n m e n t  d u r i n ~  
t h e  e x p e r i m e n t ,  h e  immersed s m a l l  s a q p l e s  f r o n  t h e  a n n u l u s  i n t o  
v a r i o u s  s o l u t i o n s  ( d F s t i l l e d  w a t e r ,  0 . 9 8  s o d i u a  c h l o r i 4 e ,  h m a n  
p l a s m a ,  and 1 0 %  d e x t r a n )  u n t i l  e a u i l i b r i u m  was r e a c h e d .  He f o u n d  
t h a t  t h e s e  s o l u t i o n s  p r o d u c e d  s i g n i f i c a n t  s w e l l i n g ,  t h e r e f o r e  
a l t e r i n g  t h e  t e n s i l e  p r o p e r t i e s  o f  t h e  d i s c  s p e c i m e n .  F u r t h e r m o r e ,  
h e  e x p o s e d  t h e  s p e c i m e n  t o  a i r  a t  d i f f e r e n t  r e l a t i v e  h u m i d i t i e s  a n d  
0 
t e m p e r a t u r e s  (qaximurn 9 0 %  r e l a t i v e  h u m i d i t y  a t  2 5  C t e a p e r a t u r e  and  
80% a t  3 7 ' ~  t e m p e r a t u r e ) .  H e  f o u n d  t h a t  w a t e r  l o s s  o c c u r r e d  i l  
e v e r y  h u m i d i t y  and t e m p e r a t u r e  c o n d i t i o n  t h a t  h e  e m p l o y e d .  However,  
t h e  d i f f u s i o n  p r o c e s s  was  r a t h e r  s l o w  s o  t h a t  s h o r t  t i n e  d u r a t i o n  
(one  m i n u t e )  mechan ica l  2xpe r i rnen t s  c o u l d  be  per formed by c o n s i d e r i n q  
t k 2  wa te r  c o n t e n t  o f  t h e  s g e c i n e n  a l m o s t  c o n s t a n t  f o r  t h i s  t i x e  
i n t e r v a l .  He a l s o  conc luded  t h a t  a t  a  1 0 0 %  r e l a t i v e  h u m i d i t y  
t h e  r a t e  o f  w a t e r  l o s s  was v e r y  s m a l l .  T h e r e f o r e ,  l o n g 2 r  d u r a t i o n  
r e l a x a t i o n  experirnent.5 c o u l d  b e  p e r f o r m e d .  
G a l a n t e ' s  n c a s u r e m e n t s  show t h a t  t h e  ~ e c h a n i c a l  p r o p e r t i e s  
( s t i f f n e s s  2nd e n e r y y  d i s s i ~ a t i o n )  dspend  on t h e  d i r e c t i o n  and 
p a s i t i o n  o f  t h e  spec imen i n  t h e  a n n u l u s .  H e  a l s o  c o n f i r m e d  t h e  
n o n l i n e a r  v i s c o e l a s t i c  b e h a v i o r  o f  t h e  8 n n u l u s  f i b r o s u s .  
K a z a r i a n  ( R e f .  1 2 )  s t u d i e d  t h e  c r e e p  b e h a v i o r  o f  whole 
d i s c s  i n c l u d i n q  t h e  end p l a t e s  and showed t h a t  t h e  v i s c o e l s s t i c  
r e s p o n s e  d e p n c l s  n o t  o n l y  on  t h e  p o s i t i o n  o f  t h e  d i s c  ( l u n b a r  , 
t h o r s c i c )  b u t  a l s o  on i t s  d e q r e e  o f  d e q e n e r a t i o n .  
Wu and Yao ( R e f .  4 8 )  have  ne r fo rmed  s h o r t  d u r a t i o n  ( 1 0  min )  
t e n s i l e  e x p e r i m e n t s  u s i n g  a n  INSTRON t e s t e r  a t  room e n v i r o n m e n t a l  
c o n d i t i o n s  ( 6 5 %  r e l a t i v e  h u m i d i t y  and 2 4 O ~  t e n p e r a t u r e )  . T h e i r  
spec imens  were d ~ g - b o n e  shaped o f  2 mm t h i c k n e s s  ( s e v e r a l  l a m e l l a e  
t h i c k ) .  
T h e  a n a l y s i s  was based  on  S p e n c e r ' s  ( R e f .  4 9 )  c o m p o s i t e  
t h e o r y  f o r  i n c o n p r e s s i b l e  m a t e r i a l s  t h a t  c o n t a i n  i d e n t i c a l  f i b e r s  
r u n n i n q  i n  a l t e r n a t e  a n q l e s .  T h i s  t h e o r y  y i e l d s  a c o n s t i t u t i v e  
e q u a t i o n  which seems t o  f i t  t h e  n o n l i n e a r  s t r e s s - s t r a i n  d a t a  o v e r  
t h e  r a n q e  o f  l<h1<1.35, - ( A 1  = u n i a x i a l  s t r e t c h  r a t i o ) .  
Wu and Yao ( R e f .  4 8 )  r e c o q n i z e  t h e  problem a s s o c i a t e d  w i t h  t h e  
d e f i n i t i o n  o f  a  r e f e r e n c e  s t a t e  ( s t a t e  a t  which t h e  spec imen b e g i n s  
t o  t r a n s m i t  l o a d )  a ~ d  e x p l a i n  i t  i n  t e r m s  o f  a q r a d u a l  t r a n s i t i o n  
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from t h e  s t a q e  o f  p u r e  f i b e r  s t r a i g h t e n i n q  mot ion  t o  t h e  s t a g e  o f  
f i b e r  e l o n g a t i o n ,  a s  t h e  spec imen d e f o r m s .  The same problem was 
a l r e a d y  r e c o q n i z e d  by Funq ( R e f .  5 0 )  f o r  o t h e r  b i o l o q i c a l  t i s s u e s .  
Kulak e t  a 1  ( R e f .  5 1 )  a l s o  p roposed  a n  e l a s t i c  c o n s t i t u t i v e  
e q u a t i o n  and f i t  i t  s u c c e s ~ f u l l ~  t o  G a l a n t e ' s  ( R e f .  1 0 )  n o n l i n e a r  
s t r e s s - s t r a i n  d a t a .  
I n  c o n c l u s i o n ,  t h i s  r e v i e w  r e v e a l s  t h a t  t h e  d i s c  m a t e r i a l  is:  
(1)  N o n l i n e a r l y  v i s c o e l a s t i c  ( a t  s u f f i c i e n t l y  l a r g e  
s t r a i n s )  
( 2 )  S e n s i t i v e  t o  i ts e n v i r o n m e n t  ( p r o p e r t i e s  depend  on  
w a t e r  c o n t e n t )  
( 3  A n i s o t r o n i c  and inhonoqeneous  
However, t h e  l i n e a r  v i s c o e l a s t i c  p r o p e r t i e s  o f  t h e  d i s c ' s  
m a t e r i a l  a r e  known o n l y  f o r  a  na r row e x p e r i m e n t a l  t i m e  window. T h i s  
i s  ma in ly  d u e  t o  l i m i t a t i o n s  irnposed by  t h e  i n f l u e n c e  o f  t h e  e n v i r o n -  
ment.  I n  t h e  p r e s e n t  work we overcome t h i s  l i m i t a t i o n  and t h e r e f o r e  
o b t a i n  t h e  v i s c o e l a s t i c  p r o p e r t i e s  i n  a l a r s e  e x p e r i m e n t a l  t i m e  
window which w i l l  c o v e r  times from 1 0  n i n  t o  10  min .*  T h i s  c o v e r s  
t h e  s t u d y  o f  t i m e  r a n q e s * *  i m p o r t a n t  f o r  s h o r t  d u r a t i o n  e f f e c t s  
( s h o c k s ,  a c c i d e n t s )  6 s  w e l l  a s  f o r  l o n q - t i m e  o n e s  s u c h  a s  s i t t i n 7 ,  
s l i p p i n g  , e t c  . 
* S h o r t  d u r a t i o n  e f f e c t s ,  s u c h  a s  s h o c k s ,  o c c u r  i n  t h e  t i m e  i n t e r v a l s  
of 1 rn sec ( 1 0 - ~ ~ 1 i n ) .  I n  o r d e r  t o  p r e d i c t  v i s c o e l a s t i c  r e s p o n s e s  
a t  s u c h  t i n e s ,  p r o p e r t i e s  c o r r e s p o n d i n q  t o  s h o r t e r  t i q e s  a r e  
i n v o l v e d  a s  r e q u i r e d  by t h e  Boltzrnann s u p e r p o s i t i o n  p r i n c i p l e .  
**  T h i s  r a n g e  i s  p r o b a b l y  a  b i t  w ide r  t h a n  needed f o r  a c t u a l  human 
body r e s p o n s e .  However, i n  t h i s  i n i t i a l  s t u d y  i t  was e a s y  t o  
ex t end  t h e  t i m e  r a n q e .  We s h o u l d  c o n t i n u e  t o  work i n  t h i s  r a n q e  
u n t i l  w e  a r e  c e r t a i n  o f  t h e  a c t u a l  t i a e  r a n g e  a t  which t h e  human 
body o p e r a t e s .  
For t h e  c a s e  o f  l a r g e r  d e f o r ~ a t i ~ n s  ( n o n l i n e a r  v i s c o c l a s t i c  
b e h a v i o r )  t h e  e x i s t i n g  e x p e r i m e n t 3 1  d a t a  d o  n o t  s e p a r a t e  t i ~ e  a n d  
s t r a i n  ( s t r e s s )  e f f e c t s .  T h e r e f o r e ,  t h e  e q u i l i b r  i u n  c o n s t i t t l t i v e  
e q u a t i o n s  d e v e l o p e d  have n o t  heon a d e q u a t e l y  t e s t e r j .  
b. On t h e  ?lodeling o f  t h e  D i s c .  
A n a l y t i c a l ,  experimental and q u n e r i c a l  t r e a t ~ e n t s  o f  t h e  human 
i n t e r v e r t e b r a l  d i s c  have  been c a r r i e d  o u t  by v a r i o u s  i n v e s t i 7 a t o r s .  
A s  a consequence ,  a  number o f  d i s c  n o d n l s  h a v e  been  i ieve loned .  
They s t a r t  w i t h  t h e  s i n ~ l e s t  b a r r e l - t y p e  model o f  t h e  d i s c  and 
end up w i t h  t h e  more s o p h i s t i c a t e d  o n e s  based  on  f i n i t e  e l e m e n t  
methods ( R e f s .  3 and 5 2 - 5 6 ) .  A l l  o f  t h e n  a r e  based  on i q - v i t r o  
s t u d i e s  and c a n  g i v e  some i d e a  o f  t h e  s t r e s s  d i s t r i b u t i o n  i n  t h e  
d i s c  a s  t h e  d i s c  i s  s u b j e c t e d  t o  v a r i o u s  modes o f  d e f o r s a t i o n .  
I n  t h e  s t r u c t u r a l  a n a l y s e s  yerforrned t o  d a t e ,  v i a  f i q i t e  e l e a e n t  
methods ,  t h e  r n a t e r i a l  b e h a v i o r  h a s  a l w a y s  b e e n  assumad t~ be  
e l a s t i c ,  imp ly ing  t h a t  t h e  s t r 2 s s  r e l a x a t i o n  o f  t h e  m a t e r i a l  z a n  
be n e g l e c t e d .  In t h e s e  a n a l y s e s ,  t h e  n u c l e u s  n u l ~ o s u s  i s  c o n s i d -  
e r e d  t o  b e  i n c o m ~ r e s s i b l ~  and  i n  a  h v d r ~ s t a t i c  s t a t e  o f  s t r e s s .  
However, t h e  m a t e r i a l  o f  t h ?  n u c l e u s  i s  n o t  a f l u i d  b u t  a s o l i d  
o f  low modulus a n 3  i t s  c o n t r i b u t i o n  t o  t h e  s t r z s s  b e a r i n q  c a ? a b i l i t v  
i s  a p p r e c i a b l e  i n  v i s c o e l a s t i c  s t u d i e s .  I n  a d d i t i o n ,  Nachenson 
h a s  p r o v i d e d  a n  in -v ivo  e s t i m a t e  o f  t h e  p r e s s u r ~  i n  t h e  n u c l e u s  
p u l p o s u s  of  t h e  d i s c  a s  a f u n c t i o n  o f  t h e  huaan body o o s i t i o n .  
I V .  NOM-INVASIVE DIAGNOSTIC T E C H N I Q U E S  
1. I n t r o d u c t i o n  
T h e  i n t e r v e r t e b r a l  d i s c  and t h e  d i s c  h e r n i a t i o n  problem 
have been d i s c u s s e d  i n  S e c t i o n  111. Co;ning o u t  o f  t h e  back s i d e  
of s a c h  d i s c  l e v e l  a r e  t h e  n e r v e s  which c a r r y  p a i n  and r e g u l a t e  
m u s c l e s .  A s  i t  was p o i n t e d  o u t ,  a  l u n b a r  d i s c  p r o b l e n  o f t e n  c a u s e s  
ne rve  r o o t  T r e s s u r e  which may r e s u l t  i n  p a i n  and musc le  spasms .  
A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h i s  p r o b l e n  i s  shown i n  F i q u r e  4 .1  
b y  t h e  shaded p o r t i o n .  I n  c a s e s  o f  s e v e r e  p a i n ,  t h e  p a r t  o f  t h e  
shaded  p o r t i o n  o f  t h e  d i s c  t h a t  may taus? t h i s  p r e s s u r e  mus t  be 
removed s u r g i c a l l y .  
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F' iqure 4 . 1 .  H e r n i a t e d  Disc 
Obv ious ly ,  t h e  d e t e r m i n a t i o n  o f  t h e  2 x a c t  s h a p e  o f  t h e  d i s c  
and more s p e c i f i c a l l y  of  i t s  p o s t e r i o r  edqe  ( s h a d e d    or ti on) 
i s  v e r y  i m ~ o r t a n t  f o r  d i a q n o s t i c  p u r o o s e s  p r i o r  t o  s u r q e r y .  S i n c e  
t h e  o n l y  e f f e c t i v e  d i a g n o s t i c  t e c h n i q u e s  used t o d a y  a r e  i n v a s i v e ,  
( S e c t i o n  111-4), a  new n o n - i n v a s i v e  a p p r o a c h  based  on  computer  
image q r o c e s s i n q  o f  c o n v e n t i o n a l  s p i n e  r a d i o g r a m s  i s  i n v e s t i q a t e d .  
Xe r e p o r t  h e r e  t h e  r e s u l t s  o b t a i n e d  from t h e  a p p l i c a t i o n  o f  t h i s  
t e c h n i q u e .  
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Problem S t a t e m e n t  
The  problem was g i v e n  a  r a d i o q r a p h i c  f  i l n  ( l a t e r a l  v i ew)  o f  
t h e  l u m b o s a c r a l  s p i n e  t a k e n  w i t h o u t  i n j e c t i o n  o f  c o n t r a s t  m a t e r i a l  
t o  d e t e r m i n e  t h e  e d g e s  o f  t h e  a n t e r i o r  and p o s t e r i o r  p o r t i o n  o f  t h e  
i n t e r v e r t e b r a l  d i s c  u s i n q  computer  image p r o c e s s i n q  t e c h n i q u e s .  
3.  Approach 
I n  t h i s  s t u d y  s e l e c t e d  r a d i o q r a m s  o f  t h e  l u rnbosac ra l  s p i n e  
( l a t e r a l  v i e w s )  , t a k e n  w i t h o u t  i n j e c t i o n  o f  c o n t r a s t  n a t e r i a l s ,  
were u s e d .  These r a d i o q r a m s  a r e  a v a i l a b l e  i n  a Eorin which i s  n o t  
d i r e c t l y  s u i t a b l e  f o r  c o n p u t e r  p r o c e s s i n g .  S i n c e  c o m p u t e r s  work 
w i t h  n u m e r i c a l  d a t a ,  t h e  r a d i o g r a m  aust be  c o n v e r t e d  i n t o  n u a e r i c a l  
form b e f o r e  p r o c e s s i n q .  T h e  c o n v e r s i o n  p r o c e s s ,  known a s  " d i q i t i -  
z a t i o n  ," was done u s i n q  JPL's D I C O Y E D  D57 f  i l r n  d i g i t i z e r .  P r e s e n t l y ,  
t h e  d i g i t i z e r  c a n  h a n d l e  o n l y  a n  i a a g e  a r e a  o f  50 x 5 0  m m  . Sinc?  
t h e  d i s c ,  i n c l u d i n q  s m a l l  ~ o r t i o n s  o f  t h e  v e r t e b r a l  b o d i e s ,  i s  
l a r g e r  t h a n  t h i s  a r e a ,  o n l y  t h e  a n t e r i o r  ( A )  and  p o s t e r i o r  ( P )  
p o r t i o n s  have  been d i q i t i z e d  ( F i q u r e  4 . 4 ) .  T h i s  o r o c e s s  a c t u a l l y  
t a k e s  t h e  i n i t i a l  r a d i o g r a m  i n t o  a d i g i t i z e d  imaqe w i t h  some n o i s e  
i n t r o d u c e d  by t h e  f ilrn d i g i t i z e r .  P e r c e p t i ~ n  o f  l o w - c o n t r a s t  
f e a t u r e s  i n  a n  imaqe d e p e n d s  upon e x i s t i n q  v i s u a l  c h a r a c t e r i s t i c s  
( i . e . ,  s h a r p  e d g e s ) .  Yhen t h e s e  c h a r a c t e r i s t i c s  do n o t  e x i s t  and 
n o i s e  i s  added t o  t h e  image ,  t h e  d e t e c t i o n  o f  t h 2 s e  l o w - c o n t r a s t  
f e a t u r e s  becomes v e r y  d i f f i c u l t .  S i n c e  f i l m  r e a d e r s  c a n  d e t e c t  
f i l m  d e n s i t y  c h a n g e s  o f  l e s s  t h a n  1%, i t  i s  p o s s i b l e  t o  enhance  
f e a t u r e s  by  r e s c a l i n g  t h e  d i g i t a l  f o r n  o f  t h e  p i c t u r e .  F i q u r e  4 . 2  
is an example of the  gray l e v e l  d i s t r i b u t i o n  (histogram*) of t h e  
a n t e r i o r  and pos te r io r  por t ions  of a  d i s c  image, r e spec t ive ly .  
Figure 4 . 2 .  
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Anterior and ( b )  Pos ter ior  Port ions 
e  can see  t h a t  t h e  information 
associa ted  w i t h  t he  a n t e r i o r  por t ion  ( A )  of t h e  d i s c  i s  between 
gray l e v e l s  7 2  and 176 and fo r  t h e  pos te r io r  por t ion  ( P )  between 
gray l e v e l s  69 and 1 0 4 .  Changinq t h e  poin t  by p o i n t  i n t e n s i t y  of 
the  d i g i t i z e d  radiograms we achieve an improved vers ion  of the  
i n i t i a l  p i c t u r e .  T h i s  was done by generat ing t h e  following l i n e a r  
t r a n s f e r  funct ions  (Ref .  5 ) .  
For a n t e r i o r  ( s u b s c r i p t  I A A '  denotes a n t e r i o r )  
* "Histogram" i s  the  summary of t h e  gray l e v e l  d i s t r i b u t i o n  of  
an image. 
For p o s t e r i o r  ( s u b s c r i p t  ' p i  d e n o t 5 s  p o s t e r i o r )  
where : 
I = i n p u t  g r a y  l e v e l  
I*' p  
' .Ar  Op = o u t o u t  g r a y  l e v e l  
T h i s  p r o c e s s  i s  known a s  " l i n e a r  c o n t r a s t  s t r e t c h i n q . "  The e f f e c t  
o f  t h e  u n d e s i r a b l e  n o i s e  i n  t h e  p i c t u r e  can  b e  r e d u c e d  by  " f i l t e r i n g "  
p r o c e s s e s .  V I C A R ' S  program FILTER ( R e f .  5 )  p e r f o r m s  two-d imens iona l  
c o n v o l u t i o n  f i l t e r i n g .  ~t c o n v o l v e s  t h e  q i v e n  d i g i t a l  imaqe w i t h  
a  p r o p e r l y  c h o s e n  d i g i t a l  f u n c t i o n  known a s  t h e  " m a t r i x  o f  w e i g h t s "  
( R e f s .  6 and 5 7 ) :  
where : 
I ( m , n )  = d i g i t i z e d  i n p u t  irnaqe p o i n t  
O ( i , j )  = d i g i t i z e d  o u t p u t  imaqe p o i n t  
W(i-m,j-n) = m a t r i x  o f  w e i g h t s  
The s i z e  o f  t h e  m a t r i x  o f  w e i q h t s  must b e  c h o s e n  l a r q e  enouqh 
t o  remove t h e  n o i s e  b u t  n o t  s o  l a r q e  a s  t o  remove t h e  image o f  t h e  
d i s c .  
I n  t h i s  a p p l i c a t i o n ,  d u e  t o  t h e  e x i s t e n c e  o f  n o i s e  which  
makes low c o n t r a s t  f e a t u r e s  d i f f i c u l t  t o  s e e ,  N x N e q u a l  w e i q h t  
low-pass  and Gauss i an*  f i l t e r s  were u s e d .  F u r t h e r m o r e ,  f o r  e d q e  
enhancemen t ,  c o n v o l u t i o n  w i t h  a  p o s i t i v e  peak  and  n e g a t i v e  s i d e  
l o b e s  f u n c t i o n  was u s e d ,  
The d e t e r m i n a t i o n  o f  t h e  e d q e  p o i n t s  was d o n e  u s i n g  t h e  
maximum s l o p e  o f  t h e  d e n s i t y  c u r v e  a p p r o a c h  d i s c u s s e d  i n  R e f e r e n c e  
58. I n  t h e  p l o t  f o r  t h e  smoothed d e n s i t y  p r o f i l e  a l o n g  a  s i n g l e  
l i n e  a c r o s s  t h e  image ( F i g u r e  4 . 3 )  t h e r e  e x i s t s  a  p o i n t  s u c h  t h a t  
t h e  s l o p e  o f  t h e  d e s n i t y  c u r v e  becomes a  maximum. T h i s  p o i n t  i s  
d e f i n e d  a s  t h e  " e d g e  p o i n t "  f o r  t h i s  l i n e .  T h i s  p r o c e s s  was r e p e a t e d  
f o r  a l l  t h e  l i n e s  i n  t h e  image.  The s e t  o f  t h e  e d g e  p o i n t s  s o  
d e t e r m i n e d  c o n s t i t u t e  t h e  e d g e  o f  t h e  d i s c .  
F i g u r e  4 .3 .  Smoothed D e n s i t y  P r o f i l e s  f o r  V a r i o u s  L i n e s  
A c r o s s  t h e  F i l t e r e d  Disc Image 
--- 
* A f i l t e r  t h a t  f o l l o w s  G a u s s i a n  ( o r  n o r m a l )  d i s t r i b u t i o n .  
4. Examples of D i g i t a l  Image Processing Techniques t o  
Conventional Radiographic Data 
Example 1 
Let u s  consider  the  radiogram shown i n  Figure 4 .4 .  Our 
o b j e c t i v e  i s  t o  enhance t h e  p o s t e r i o r  ( P )  and a n t e r i o r  ( A )  s e c t i o n s  
of the  d i s c .  
Figure 4 .4 .  Selected Unprocessed Radiogram of t h e  L4-L5 Disc 
The photometric information recorded on t h e  radiographic f i lm 
transparency was converted t o  d i g i t a l  form s u i t a b l e  f o r  computer 
processing. 
Only t h e  a n t e r i o r  ( A )  and p o s t e r i o r  ( P )  po r t ions  shown i n  
Figure 4.4 have been d i g i t i z e d  i n  t h i s  app l i ca t ion .  
F i g u r e s  4 . 5 ( a )  and 4 . 5 ( b )  show t h e  d i g i t i z e d  p i c t u r e s  o f  
t h e  a n t e r i o r  and  p o s t e r i o r  p o r t i o n s  o f  t h e  i n t e r v e r t e b r a l  d i s c .  
I n  t h e s e  p i c t u r e s  o n e  cam see t h a t  i n  t h e  d i g i t a l  v e r s i o n  
o f  t h e  i n i t i a l  r a d i o g r a m  t h e r e  i s  a  s u b s t a n t i a l  amount o f  X-ray 
a b s o r p t i o n  p r e s e n t  a t  t h e  s i t e  o f  t h e  d i s c  w i t h  some n o i s e  p r e s e n t ,  
F i g u r e  4.5.  Unprocessed  Radiograms o f  ( a )  A n t e r i o r ,  and 
( b )  P o s t e r i o r  P o r t i o n s  o f  t h e  D i s c  
a .  Image C o n t r a s t  S t r e t c h i n g .  
C o n t r a s t  s t r e t c h i n g  o f  t h e  d i g i t i z e d  p i c t u r e s  p r o v i d e s  
a n  i n t e r e s t i n g  improvement  i n  p i c t u r e  u s e f u l n e s s .  The r e s u l t s  
are shown i n  F i g u r e s  4 . 6 ( a )  and 4 . 6 ( b ) .  
These  p i c t u r e s  c l e a r l y  show t h e  e x i s t e n c e  o f  t h e  a n t e r i o r  
and  p o s t e r i o r  e d g e s  o f  t h e  d i s c .  
F i g u r e  4.6. Radiograms o f  ( a )  A n t e r i o r ,  and  ( b )  P o s t e r i o r  
P o r t i o n s  o f  t h e  Disc A f t e r  L i n e a r  S t r e t c h i n q  
b. Image F i l t e r i n g  . 
For the filtering of the anterior portion o f  the disc 
( F i g u r e  4 . 6 ( a ) ,  t h e  m a t r i x  o f  w e i g h t s  s e l e c t e d  was a  1 5  x  1 5  
a r r a y  o f  e q u a l  w e i g h t s .  The s i z e  was c h o s e n  l a r q e  enough t o  
remove t h e  n o i s e  b u t  n o t  s o  l a r g e  a s  t o  remove t h e  image o f  t h e  
d i s c .  The r e s u l t i n g  f i l t e r e d  p i c t u r e *  i s  shown i n  F i g u r e  4 .7 .  
For t h e  f i l t e r i n g  o f  t h e  p o s t e r i o r  p o r t i o n  o f  t h e  d i s c ,  t h e  
image on  F i g u r e  4 . 6 ( b )  was convo lved  w i t h  a n  11 x  11 m a t r i x  o f  e q u a l  
w e i g h t s  r e s u l t i n g  i n  F i g u r e  4 .8 .  
--ortion be tween  t h e  v e r t i c a l  l i n e s  i n  F i g u r e  4 . 6 ( a )  was 
f i l t e r e d  ( l e f t  s i d e ) .  
F i g u r e  4 .7 .  A n t e r i o r  P o r t i o n  o f  t h e  ~ i s c  A f t e r  1 5  x 1 5  
Equal  Weight  Low-Pass F i l t e r  
F i g u r e  4 .8 .  P o s t e r i o r  P o r t i o n  o f  t h e  Disc A f t e r  11 x 11 
E q u a l  Weight  Low-Pass F i l t e r  
The edge  o f  t h e  a n t e r i o r  p o r t i o n  o f  t h e  d i s c  i s  shown i n  
F i g u r e  4 . 9 .  Observe  t h a t  i n  t h e  t o ?  l e f t  p o r t i o n  o f  t h e  image, 
t h e  d e t e c t e d  edge  i s  t h e  e d g e  o f  t h e  t h i c k e n i n q  p o r t i o n  o f  t h e  
a n t e r i o r  l o n g i t u d i n a l  l i q a m e n t .  
Figure 4 .10  shows the  e ge of t h e  pos te r io r  por t ion  of 
t h e  d i s c .  
Figure 4.9.  Anterior Edge of  t h e  Disc 
Figure 4.10.  Pos te r io r  Edge of t h e  Disc 
c .  Gaussian and Special  Feature.  
Figure 4 . 1 1  shows t h e  r e s u l t s . o f  t h e  a p p l i c a t i o n  of a 
Gaussian f i l t e r .  
Figure 4 .11 .  Poskerior Port ion of the  Disc After 
Application of 11 x 11 Gaussian F i l t e r  
Figure 4 .12  shows t h e  e f f e c t  of reducing the  s i z e  of t h e  
p i c t u r e  by one-hdf  and subsequently applyinq a  s p e c i a l  f e a t u r e  
(edge enhancement) f i l t e r .  
Figure 4 .12 .  The Poster Edge After Application 
of Specia l  Feature F i l t e r  
The e f f e c t  of computer imaqe processing i s  c l e a r l y  demonstrated 
by comparing t h e  enhanced p i c t u r e s  (F igures  4 . 9 ,  4.10, 4 . 1 1  and 4 . 1 2 )  
w i t h  t h e  unenhanced o r i g i n a l  radiogram ( Figure 4 . 4 ) .  
In a  second example, the  p o t e n t i a l  of u t i l i z i n g  d i g i t a l  image 
processing techniques t o  improve t h e  d iagnos t i c  q u a l i t y  of raw 
radiographic d a t a  i s  even more c l e a r l y  d e ~ o n s t r a t e d .  
e, Example 2 
In t h i s  c a s e ,  due t o  d i f f i c u l t i e s  encountered i n  obta in ing  
radiographic d a t a  from cadavers o r  p a t i e n t s ,  i t  was decided t o  
use a phantom d i s c  which i s  equiva lent  t o  a  human i n t e r v e r t e b r a l  
d i s c  a s  f a r  a s  absorpt ion f e a t u r e s  a r e  concerned. The phantom 
d i s c  was constructed based on the  est imated absorpt ion charac ter -  
i s t i c s  of r e a l  L4-L5 d i s c s  obtained from conventional radiograms 
v i a  dens i tometr ic  s t u d i e s .  Figure 4.13 shows t h e  o r i g i n a l  radiogran 
of t h i s  phantom and Figure 4 . 1 4  shows t h e  processed one. The 
r e s u l t  was e n c ~ u r a g i n q  s ince  the  d i s c  m a t e r i a l ,  which was almost 
i n v i s i b l e  i n  t h e  o r i g i n a l  d a t a ,  i s  no  c l e a r l y  shown a f t e r  t h e  
enhancement took p lace .  
Figure 4.13. The Original  Radioqram of t h e  Phantom Disc 
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F i g u r e  4.14.  The Enhanced v e r s i o n  o f  t h e  O r i g i n a l  ~ a d i o g r a m  
5. C o n c l u s i o n s  and D i s c u s s i o n  
T h i s  s t u d y  shows t h a t  t h e  d i a g n o s t i c  q u a l i t y  o f  t h e  
unproces sed  r a d i o g r a m  o f  t h e  s p i n e  c a n  b e  improved s i g n i f i c a n t l y  
by  u s i n g  d i g i t a i  image p r o c e s s i n q  t e c h n i q u e s .  This i s  clearly 
d e m o n s t r a t e d  h e r e  b y  t h e  v i s u a l i z a t i o n  o f  t h e  d i s c  and  t h e  d e t e c t i o n  
o f  i ts  a n t e r i o r  and p o s t e r i o r  e d g e s  i n  two c a s e s .  However, w h i l e  
t h e  r e s u l t s  o f  t h i s  s t u d y  have  been  i n t e r e s t i n g  and  e n c o u r a g i n g ,  
t h e r e  i s  no q u e s t i o n  t h a t  much work n e e d s  t o  b e  done  u n t i l  s u c h  
methods w i l l  b e  c l i n i c a l l y  a v a i l a b l e .  
A t  t h i s  p o i n t ,  i t  may b e  o f  i n t e r e s t  t o  enumera t e  t h e  
p rob lems  a s s o c i a t e d  w i t h  d i g i t a l  i a a q e  p r o c e s s i n q  o f  X-ray f i l m s .  
(1) O b t a i n  s p i n e  r a d i o g r a m s  b y  means o f  optimum e x p o s u r e .  
( 2 )  Minimize image l o s s e s  f rom f i l m  s c a n n i n q  by  u s i n g  b e t t e r  
s c a n n e r s  . 
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( 3 )  Decrease  o r o c e s s i n q  t i n e  ( t i n e  recuired t o  t a k e  a n  
X-ray f i f n ,  s c a n  i t ,  D r o c e s s  i t  i n  t h e  coawute r  an6 
r e c o n s t r u c t  t h e  c o n p u t e r  ou twu t  i n t o  a ? h o t o g r a ~ h )  
by  hav inq  a computer  t i e d  d i r e c t l y  t o  t h e  s c a n n e r  
and hav inq  i n s t a n t  d i s p l a y  o f  t h e  p i c t u r e s  s t ~ r e 3  
i n  memory. 
We t h i n k  t h a t  t h e s e  p rob lems  a r e  n o t  d i f f i c u l t  t o  overcome and 
t h a t  t h e  c l i n i c a l  a p p l i c a t i o n  o f  imaqe o r o c e s s i n a  t e c h n i q u e s  may 
be t h e  hope f o r  a n o n - i n v a s i v e  s o l u t i o n  t o  t h e  d i a q n o s i s  o f  low 
back prob lems .  
V. WATER EFFECTS ON T H E  VISCOELASTIC PROPERTIES  
OF THE HUMAN I N T E R V E R T E B R A L  DISC 
1. I n t r o d u c t i o n  
From t h e  s imple  obse rva t ion  t h a t  a d r y  d i s c  i s  s i m i l a r  t o  a  
hard p i e c e  o f  p l a s t i c  o r  l e a t h e r ,  and t h a t  a  wet one i s  s o f t  a s  a  
rubbe r ,  we had i n i t i a l l y  suspec ted  t h a t  t h e  water con ten t  i n  t h e  
d i s c  a f f e c t s  i t s  mechanical  p r o p e r t i e s .  Based on t h i s  obse rva t ion  
we s t u d i e d  t h e  v i s c o e l a s t i c  m a t e r i a l  p r o p e r t i e s  of  d i s c  specimens 
a s  a f u n c t i o n  o f  t h e i r  water  c o n t e n t ,  a s  we l l  a s  t h e i r  d i f f u s i o n  
and equ i l i b r ium swe l l i ng  c h a r a c t e r i s t i c s  by immrs inq  them i n t o  
s a l i n e  s o l u t i o n s  of  v a r i o u s  c o n c e n t r a t i o n s .  These p r o p e r t i e s ,  
toge ther  with r e a l i s t i c  environmental  and load inq  c o n d i t i o n s ,  a r e  
necessary  f o r  t h e  d i s c ' s  s t r u c t u r a l  a n a l y s i s .  Although t h e  d i s c ' s  
geometry i s  compl ica ted ,  e x i s t i n q  f i n i t e  element methods q i v e  u s  a  
t o o l  t o  work on t h i s  problem, provided t h a t  a s u i t a b l e  qeometr ic  
breakdown of t h e  d i s c  can be e s t a b l i s h e d .  
I t  i s  conce ivab le  t h a t  a  r e f i n e d  qeometr ic  r e p r e s e n t a t i o n  
of t he  d i s c ,  which accounts  f o r  t h e  f i b e r s  (number, geoqe t ry  and 
d i r e c t i o n )  embedded i n  a  con t inuous  i s o t r o ~ i c  m a t r i x ,  i s  t h e  v o s t  
r e a l i s t i c  s o l u t i o n .  However, a t  t h i s  t i n e  we th ink  t h a t  such a  
d e t a i l e d  r e p r e s e n t a t i o n  i s  cumbersome and p r o h i b i t i v e l v  expensive .  
We, t h e r e f o r e ,  b e l i e v e  t h a t  a  more averaqed d i s c r e t i z a t i o n  i s  
a p p r o p r i a t e .  To t h i s  end we would cons ider  each l ame l l a  t o  be 
represen ted  by an o r t h o t r o p i c  m a t e r i a l  l a y e r  connected t o  a d j a c e n t  
l ame l l ae - l aye r s  such t h a t  t h e i r  i n t e r f a c e  exper iences  common deform- 
a t i o n s .  However, ano ther  l e s s  d e t a i l e d  geometr ic  a p p r c x i ~ a t i o n  o f  
t h e  d i s c  may be neces sa ry ,  e s ~ e c i a l l y  f o r  t h e  a r e a s  of  t h e  d i s c ' s  
a n n u l u s  i n  which  l a m e l l a  s e p a r a t i o n  i s  d i f f i c u l t  o r  i m p o s s i b l e  
( i . 9 ,  , p o s t e r i o r  s e c t i o n  o f  t h e  d i s c ) .  T h a t  i s ,  f o r  t h e s e  a r e a s  
w e  may c o n s i d e r  t h e  a n n u l u s  t o  c o n s i s t  o f  l a r g e  p i e c e s  o f  o r t h o -  
t r o p i c  m a t e r i a l .  F u r t h e r m o r e ,  w e  c o n s i d e r  t h a t  t h e  n u c l e u s  i s  
made o f  a n  i s o t r o ~ i c ,  n e a r l y  i n c o m p r e s s i b l e  s u b s t a n c e .  
We f e e l  t h a t  a n  a l t e r n a t e ,  less  r e f i n e d  g e o m e t r i c  b reakdown 
of t h e  d i s c ,  s u c h  a s  t h e  a n n u l u s  ( c o n s i d e r e d  a s  a n  o r t h o t r o p i c  
c o n t i n u u m )  a n d  t h e  n u c l e u s  ( c o n s i d e r e d  a s  an  i s o t r o p i c  medium) i s  
u n s u i t a b l e  f o r  o u r  i n t e n d e d  work.  Nor would w e  w i s h  t o  b e  c o n c e r n e d  
i n  t h e  p h y s i c a l  m o d e l i n g  o f  t h e  d i s c  a s  a  s i n g l e  ( a v e r a q e )  c o n t i n u u n  
e x c e p t  where  i t  was n e c e s s a r y  t o  r e f e r  t o  t e s t  d a t a  o f  o t h e r  i n v e s -  
t i g a t o r s .  
I f  t h e  i n t e r v e r t e b r a l  d i s c  was made o f  a d r y  c r o s s l i n k e d  
p o l y m e r i c  m a t e r i a l ,  t h e  o n l y  m a t e r i a l  p r o ~ e r t i e s  n e e d e d  f o r  i t s  
s t r u c t u r a l  a n a l y s i s  would b e  i t s  v i s c o e l a s t i c  m e c h a n i c a l  p r o p e r t i e s ;  
i . e . ,  E i j ( x , y f z , t )  and v i j ( x , y , z , t ) .  
However,  d u e  t o  t h e  f a c t  t h a t  t h e  d i s c  m a t e r i a l  c o n t a i n s  
w a t e r  w h i c h  m i g r a t e s  i n  a n d  o u t  o f  t h e  d i s c ,  i t s  r e s p o n s e  t o  
l o a d s  a n d / o r  d e f o r m a t i o n s  may b e  a f f e c t e d  b y  i t s  w a t e r  c o n t e n t .  
T h e r e f o r e ,  f o r  a  r e a l i s t i c  s t r u c t u r a l  a n a l y s i s ,  i n f o r m a t i o n  o f  
how t h e  w a t e r  f l o w s  and  i n t e r a c t s  w i t h  t h e  d i s c  m a t e r i a l  i s  n e e d e d  
b e s i d e s  t h e  c l a s s i c a l  v i s c o e l a s t i c  ? r o p e r t i e s ;  t h e s e  p r o p e r t i e s  
d e p e n d  a l s o  o n  t h e  w a t e r  c o n c e n t r a t i o n  ( C )  i n  t h e  d i s c  i . e . ,  
To t h e  b e s t  o f  o u r  knowledqe  t h e r e  i s  no  q e n e r a l i z e d  t h e o r y  
t h a t  e x 2 l a i n s  h ~ w  t h e s e  i n t e r a c t i o n s  c a n  be q u a n t i f i e d .  However,  
t h e r e  e x i s t  some t h e o r i e s  w h i c h  a r e  v a l u a b l e  o n l y  f o r  s p e c i a l  
c a s e s .  They a r e :  
1) ----------- The F r e e  Volume T h e o r y .  T h i s  t h e o r y  h a s  b e e n  d e v e l o p e d  
o n l y  f o r  a  f e w  s i a p l e  cases s u c h  a s  t h e  c a s e  o f  t h e  e f f e c t :  
(1) o f  t e m p e r a t u r e  o n  t h e  v i s c o e l a s t i c  m e c h a n i c a l  
p r o p e r t i e s  ( R e f .  3 2 ) .  
( 2 )  o f  c o n c e n t r a t i o n  o n  t h e  v i s c o e l a s t i c  m e c h a n i c a l  
p r o p e r t i e s *  ( R e f .  3 3 ) .  
( 3 )  o f  c o n c e n t r a t i o n  o n  t h e  d i f f u s i o n  p r o p e r t i e s  
i q n o r i n q  m e c h a n i c a l  i n t e r a c t i o n s  ( R e f .  5 9 )  . 
2 )  ?-- The T h e r n o d y n a m i c a l  - T h e o r y  ----- o f  -I-I- S w z l l i n q :  - i . e  F l o r y -  
d u g g l n s *  T h e o r y  - ( R e f .  3 3 ) .  T h i s  t h e o r j ~ x p $ ! k ~ ~ o w  
t h e  s t r e s s e s  a n d  s t r a i n s ,  t h e  e n v i r o n n e n t ,  a n d  t h e  e q u i l i b r i u m  c q n -  
c e n t r a t i o n  o f  w a t e r  i n  a n  i s o t r o p i c  p o l y m e r  a r e  r e l a t e d .  
A l t h o u g h  n o t  d i r e c t l y  a p p l i c a b l e  t o  t h e  p r o b l e m  a t  h a n d ,  b o t h  
t h e o r i e s  c a n  s t i l l  p r o v i d e  some v a l u a b l e  p h y s i c a l  i n s i g h t .  We f e e l  
t h a t  t h e  f o l l o w i n q  m a t e r i a l  p r o p e r t i e s  n e e d  t o  b e  d e t e r m i n e d .  
(1) The v i s c o e l a s t i c  ( l i n e a r  a n d  n o n l i n e a r )  m e c h a n i c a l  
p r o p e r t i e s  ' f o r  d i s c  s p e c i m e n s  o b t a i n e d  u n d e r  c l o s e d  
s y s t e n  c o n d i t i o n s  a s  a  f u n c t i o n  o f  w a t e r  c o n c e n t r a t i o n  
i n  t h e  s p e c i m e n s .  ( F r e e  vo lume  t h e o r y )  
( 2 )  The d i f f u s i o n  c o e f f i c i e n t s  f o r  w a t e r  i n t o  t h e  d i s c t  s 
s p e c i m e n s  w i t h o u t  t h e  i n f l u e n c e  o f  a n y  e x t e r n a l  l o a d .  
( F r e e  v o l u m e  t h e o r y )  
( 3 )  The p r o p e r t i e s  n e e d e d  f o r  t h e  c h a r a c t e r i z a t i o n  o f  t h e  
e q u i l i b r i u m  s w e l l i n q  ( t h e r m o d y n a m i c a l  t h e o r y  o f  s w ~ l l i n q  ) . 
-- ' r - -  
* mls c a s e  h a s  b e e n  e x t e n s i v e l y  d i s c u s s e d  i n  S e c t i o n  I11 o f  t h i s  r e ~ o r t .  
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In t h e  fo l loc~inr l  s e z t i ~ n  we c l i s c~ i s s  i n  d e t a i l  our work on 
t h e  v i s c o z l a c , t i c  qechanica l  9 r 3 p e r t i e s .  For t h e  cas2.s o f  d i f f u s i o n  
and equ i l i b r ium swel l inq  we p r c s c n t  o n l y  p re l imina ry  s t u d i e s  t h a t  
a r e  u s e f u l  f o r  3 q u a l i t a t i v e  view of  t h e  phys ica l  problem and 3t 
t h e  sane  t i n e  se rve  a s  the  b a s i s  f o r  f u t u r e  q u a n t i t a t i v e  work. 
He d i s c u s s  how n e a s u r e ~ e n t s  of  t h e  v i s c o e l a s t i c  mechanical  
r ~ r o p e r t i e s  were made. In order  t o  o b t a i n  t he se  p r o g e r t i e s ,  soec i -  
mens o f  wel l  de f ined  qeoae t ry  a r e  needed. D e t a i l s  f o r  t h e  nrewa- 
r 3 t i o n  of such soecimens 3 r e  d i s cus sed  i n  Sec t ion  V-3-a. Furthermore,  
s i n c e  w e  want t o  o b t a i n  d a t a  under e l o s e d  syste-n c o n d i t i o n s ,  s p e c i a l  
env i ronnen t s  were chosen under which t h e s e  exper iments  were perforrnsd. 
A d e s c r i p t i o n  o f  t h e s e  environments w i t h  some d i s c u s s i o n  o f  d i f f u s i o n  
and  swe l l i ng  2 f f e c t s  i s  presented i n  S e c t i o n s  V-3-b snd V-4. 
For t h e  de te rmina t ion  o f  t h e s e  v i s c o e l a s t i c    roper ties a  
p a r t i c u l a r  s t r a i n  h i s t o r y  i s  r equ i r ed .  We have chosen r e l a x a t i o n  
e x n e r i m ~ n t s  w h i c h  t o g e t h e r  w i - t h  a n  e r r o r  a n a l y q i s  d i sc r i s s ion  are  
presen ted  i n  Sec t ion  V-5 and V-5. 
To d a t e ,  we have ob ta ined  s e c t i o n $  o f  master r e l a x a t i o n  
c u r v e s  f o r :  
( a )  a non-uniform f r e s h  wet specimen from t h e  annulus  f i b r o s u s  
r e f e r r e d  t o  an unknown p e r c e n t  o f  water .  
( b )  a  s i n g l e  l a m e l l s  specimen r e f e r r e d  t o  a  d r y  s t a t e  o f  about 
40% wate r ;  
( c )  a t r i p l e  l ame l l a  specimen r e f e r r e d  t o  a  d r y  s t a t e  o f  about 
4 6 %  wate r ;  
( d )  a t r i p l e  l ame l l a  specimen r e f e r r e d  t o  a  w s t  s t a t e  o f  a b o u t  
8 2 . 8 %  wate r .  
These master r e l a x a t i o n  cu rves  cover a  wide t ime ranqe.  
However, be fo re  t hey  a r e  app l i ed  t o  human body c o n d i t i o n s  t h e y  should 
be r e f e r r e d  t o  s t a t e s  of  about  70% water .  We a l s o  determined how 
t h e  water a f f e c t s  t h i s  r e l a x a t i o n  spectrum and found t h a t  t h i s  e f f e c t  
is  dominant. Furthermore,  w e  observed t h a t  t h i s  r e l a x a t i o n  spectrum 
does no t  depend on t h e  app l i ed  s t r a i n  o n  t h e  specimen. 
In  a d d i t i o n ,  from equ i l i b r ium swel l inq  experiments perforined 
by immersing t h e  p rev ious ly  mentioned specimen i n  s a l i n e  s o l u t i o n s  
of  v a r i o u s  c o n c e n t r a t i o n s ,  we observed t h a t  i ts  dimension d i d  n o t  
change i n  t h e  l e n g t h  d i r e c t i o n  of  t h e  specimen ( i . e . ,  c i r c u m f e r e n t i a l  
w i t h  r e s p e c t  t o  t h e  d i s c ) .  
2. Experimental Setup 
a .  INSTRON Tensi le  Tester 
The t e s t i n g  apparatus  used for  our experiment was a  f l o o r  
model INSTRON t e n s i l e  machine (Figure 5 .1 ) .  This machine allows 
t e s t s  t o  be performed under very l imi ted  and s p e c i a l  time h i s t o r i e s  
of  t e n s i l e  deformqtion. 
Figure 5.1. The INSTRON Tester  and t h e  BEMCO Environmental Chamber 
b. Environmental Chambers 
A l a r g e  s i z e  TENNEY environmental chamber was used t o  produce 
and con t ro l  temperature and humidity cond i t ions  (Figure 5.2). Further- 
more, a  smaller s i z e  BEMCO environmental chamber ( Figure 5.1) 
a t tached t o  t h e  INSTRON cross-head and t o  t h e  TENNEY environmental 
chamber was used t o  maintain the  specimen a t  t h e  des i red  temperature 
and humidity cond i t ions  during t h e  time of t h e  experiment. 
Figure 5 .2 .  The TENNEY E n v i r o n m e n t a l  Chamber 
The connect ion between t h e  two chambers was done v i a  p l a s t i c  hoses  
and t h e  t r a n s f e r  o f  t empera ture  and humidity was achieved v i a  a 
c o r r o s i o n  r e s i s t a n t  PAR b lower .  The e n t i r e  system was p rope r ly  
i n s u l a t e d  i n  o rde r  t o  m i n i a i z e  h e a t  t r a n s f e r  ~ r o b l e m s .  
c .  So lu t i on  Con ta ine r ,  Gr ip s ,  Etc .  
The c o n t a i n e r  ( F i g u r e  5 . 3 )  was designed and cons t ruc t ed  
s o  t h a t  i t  f i t s  i n  t h e  smal l  environmental  chamber and i t  can be 
a t t a c h e d  t o  t h e  I N S T R O N ' s  c ro s sbead ,  I t s  purpose was t o  a l low 
exper iments  t o  t ake  p l a c e  i n s i d e  s o e c i a l  s o l u t i o n s .  In  a d d i t i o n ,  
s p e c i a l  g r i p s  have been c o n s t r u c t e d  t o  h o l d  t h e  specimen s o  t h a t  
end e f f e c t s  w i l l  be reduced.  Since  some o f  our exper iments  took 
p l a c e  i n s i d e  s a l i n e  s o l u t i o n  environments,  w i t h  t empera tures  
varying between 3 6 ' ~ - 4 9  C and were o f  r a t h e r  long d u r a t i o n ,  t h e  
p a r t s  t h a t  come i n  c o n t a c t  wi th  t h e  s a l i n e  s o l u t i o n  were made 
from t i t a n i u m  i n  o rder  t o  avoid c o r r o s i o n .  
Figure  5.3.  The Container 
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For the  proper specimen p repara t ion ,  a s p e c i a l  c u t t e r  w i t h  sharp  
razor blades separated by a d j u s t a b l e  spacers  was made. Also, a 
microscope, a micrometer, and a p rec i s ion  mechanical balance were 
used (Figure 5 . 4 )  . 
Figure 5 .4 .  The Balance, t h e  Vacuum Device, and the  Micrometer 
3 .  Fxper i n e n t a l  Procedures 
In t h i s  s e c t i o n  t h e  e x ~ e r i m e n t a l  procedures fol lowed i n  
t h e  course  o f  t h i s  work a r e  p r e s e n t e d .  We w i l l  d e s c r i b e  f i r s t  t h e  
o r e p a r a t i o n  of  t h e  specimen, and then  d i s c u s s  measurenents o f  i t s  
mechanical  p r o p e r t i e s .  
a .  Specimen P r e ~ a r a t i o n  
The term snec i sen  a s  i t  i s  used i n  t h i s  work w i l l  mean 
smal l  s e c t i o n s  taken from huaan 1-umbar d i s c s  ( i . e . ,  s i n g l e  o r  
t r i ~ l e  l ame l l a  pr isms o r  c y l i n d e r s *  from t h e  nucleus  ~ u l ~ o s u s ) .  
The d i s c s  were ob ta ined  from newly deceased ,  unclaimed bodies  o r  
donors aooroximately  2 4  t o  48 hours a f t e r  dea th  which have been 
r e f r i q e r a t e d  and were no t  enbalmed. The s u ~ g l y  of  t h e s e  d i s c s ,  
a c t u a l l y  s e c t i o n s  f r o q  the  lumbar r e s i o n  of t h e  s ~ i n e  c o n s i s t i n q  
o f  two v e r t e b r a e  bodies  w i t h  t h e i r  i n t e rven inq  d i s c ,  was Drovided 
by  t h e  Pathologv Department o f  t h e  Un ive r s i t y  o f  Southern C a l i f o r n i a  
Medical Cente r .  From t h e  t ime o f  t h e  d i s c  removal u n t i l  t h e  t i a e  
o f  specimen cut.t in? :  t he  d i s c  w ? ~  kept  i n  sez led  p l a s t i c  c o n t a i n e r s  
and i n  t empera tures  below O'C. T h i s  was necessary  f o r  t h e  minimization 
of mois tu re  exchanoe between t h e  d i s c  an3 t h e  environment and f o r  
keeping d e t e r i o r a t i o n  of  t h e  d i s c  n a t e r i a l  t o  a  minimum. 
I t  i s  known t h a t  t h e  d i s c ' s  m a t e r i a l  p r o p e r t i e s  depend on 
t h e  age of  t h e  s u b j e c t .  Furthermore,  m a t e r i a l  p r o p e r t i e s ,  w i th in  
t h e  composite d i s c ,  a r e  f u n c t i o n s  o f  i t s  aqe ,  a s  wel l  a s  i t s  phys ica l  
c o n d i t i o n  ( i . e . ,  h e r n i a t i o n ,  d e g e n e r a t i o n ,  e t c . )  . Informat ion about 
t he  l o c a t i o n  and t h e  degree  o f  h e r n i a t i o n  was employed a s  a gu ide  
f o r  t h e  a c c e p t a b i l i t y  o f  t h e  specimen f o r  ~ e c h a n i c a l  t e s t i n q .  In  
k c m  s p e c i m e n s f  C y l i n d r i c a l  shape have no t  been used i n  t h i s  work. 
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o r d e r  t o  a s c e r t a i n  t h e  p h y s i c a l  c o n d i t i o n  o f  t h e  d i s c  ( f r a c t u r e s  
o r  o t h e r  d a m a g e ) ,  p r i o r  t o  t h e  c u t t i n g  o f  t h e  s p e c i m e n ,  t h e  d i s c  
was s u b j e c t e d  t o  an  X-ray e x a m i n a t i o n ,  by means o f  c o n v e n t i o n a l  
r a d i o g r a p h i c  ( X - r a y s )  and c o m p u t e r i z e d  a x i a l  t omograoh ic  t e c h n i q u e s  
(EM1 - Body S c a n n e r ) .  An example o f  a  r u ~ t  r e d  a n n u l u s  f i b r o s u s  
i s  d e m o n s t r a t e d  i n  F i g u r e s  5,s and 5 - 6 ,  
F i g u r e  5.5.  C o n v e n t i o n a l  Radiogram ( AP-view) o f  a  Damaged 
Human I n t e r v e r  t e b r a l  D i s c  
We o b s e r v e  t h a t  t h e  v i s i b i l i t y  o f  t h e  r u p t u r e  i s  i n c r e a s e d  s i n c e  
t h e  d i s c  i s  expanded when removed from t h e  body. T h i s  e x p a n s i o n  
a l l o w s  t h e  p e n e t r a t i o n  o f  a i r  i n t o  t h e  r u p t u r e ,  t h u s  e n h a n c i n g  
t h e  v i s i b i l i t y  o f  t h e  r u p t u r e .  
A t  t h i s  p o i n t ,  i t  s h o u l d  b e  ment ioned  t h a t  c r o s s  s e c t i o n a l  
v i ews  o f  t h e  h e a l t h y  and damaged d i s c s  c a n  b e  o b t a i n e d  pho tog raph-  
i c a l l y  a f t e r  s e c t i o n i n g  t h e  d i s c s  w i t h  a k n i f e - e d g e  saw. Then, 
t h e s e  s e c t i o n a l  v i e w s  may b e  compared w i t h  t h e  c o r r e s p o n d i n g  EMI- 
tornograms f o r  c l a s s i f i c a t i o n  p u r p o s e s .  
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a. The Ver tebra l  Body 
b,  The D i s c  
F igure  5 .6 .  EMI-Tornogram o f  t h e  V e r t e b r a l  Body and t h e  D i s c  
The a p p r o x i m a t e  l o c a t i o n  o f  t h e  E M 1  tomograms  n r e s e n t e d  i n  F i g u r e  5 . 6  
a r e  shown s c h e m a t i c a l l v  i n  F i s u r e  5 .7  b e l o w .  
SECTION 2 
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F i g u r e  5 . 7 .  L o c a t i o n  o f  t h e  EMI-tomoqrams. 
For  o u r  e x p e r i n e n t s  two  t y p e s  o f  s p e c i m e n s  were u s e d .  The 
f i r s t  o n e  was o b t a i n e d  f rom t h e  n u c l e u s  p u l p o s u s  a n d  t h e  s e c o n d  f r o m  
t h e  a n n u l u s  f i b r o s u s .  More p r e c i s e l y ,  t h e s e  s p e c i m e n s  were p r e p a r e d  
a s  f o l l o w s :  
1 ) The Spec imen  Prom ------ t h e  N u c l e u s  P u l ~ o s u s .  S i n c e  t h e  
n u c l e u s  is  a  r a t h e r  s o f t  m a t e r i a l  i t  was  k e p t  f r o z e n  d u r i n q  c u t t i n g  
i n  o r d e r  t o  i n c r e a s e  i t s  s t r e n g t h .  The f r e e z i n g  was d o n e  bv u s i n q  
d r y  i ce .  The s p e c i m e n s  w e r e  c u t  a p p r o x i n a t e l y  a l o n q  t h ?  m a j o r  d i a m n t e r  
o f  the n ~ l r l e ~ l s ,  They were c y l i n d e r s *  w i t h  a d i a m e t e r  cf about  5mm; 
t h e i r  l e n g t h  was a  f u n c t i o n  o f  t h e  l o c a t i o n  a n d  t h e  a g e  o f  t h e  d i s c  
and was a p p r o x i m a t e l y  2 . 5  cm. I n  o r d e r  t o  a s c e r t a i n  t h e  e x a c t  
l o c a t i o n  o f  t h e  d i s c  w i t h  r e s o e c t  t o  t h e  a d j a c e n t  v e r t e b r a e ,  a n d  
t h e r e f o r e  t o  f a c i l i t a t e  t h e  c u t t i n g  o f  t h s  s p e c i m e n ( s ) ,  t h e  l a t e r a l  
l i q a m e n t s  w e r e  removed f i r s t .  
The c u t t i n q  o f  t h e  c y l i n d r i c a l  s p e c i m e n s  was  d o n e  u s i n q  a 
h o l l o w  d r i l l  o p e r a t e d  a t  h i g h  s p e e d .  I n  o r d e r  t o  m i n i i n i z e  t h a w i n g  
o f  t h e  s p e c i m e n  d u r i n g  c u t t i n g ,  w h i c h  c o u l d  c a u s e  i t s  r u p t u r e ,  n r e -  
c o o l i n g  o f  t h e  d r i l l  b y  means  o f  d r y  i c e  was  n e c e s s a r y .  
* C y l i n d r i c a l  t y p e  o f  n u c l e u s  s p e c i m e n s  w e r e  n o t  u s e 4  i n  t h i s  work  
( S e e  S e c t i o n  V-6-e) 
Fur the rmore ,  t h e  s v e c i v e n s '  s u r f a c e  a r e a s  were checked  f ~ r  s v m t h n n s s  
u s i n q  a  low power mic roscope  ( X 1 0 ) .  
2 I--1_---------------- The Specimen From t h e  Annulus F i b r o s u s .  The ~ r o c e d t ~ r e  
f o r  t h e  s e p a r a t i o n  o f  3 s i n q l e  l a m e l l a  fro-n t h e  a n n u l u s  ( n i c r o s u r q e r y * )  
i s  d e s c r i b e d  n e x t .  For o u r  p r e s e n t  work soec imens  from t h e  a n t e r i o r  
c i r c u m f e r e n t i a l  l n n e l l a  were  o b t a i n e d  a s  i t  i s  shown s c h e m a t i c a l l v  









F i a u r e  5 . 8 .  A S i n p l i f i e d  Schemat i c  R ? p r e s e n t a t i 3 n  o f  
a  D i sc  and t h e  S ~ e c i n e n s  
A s e c t i o n  from t h e  lurnbar r e q i o n  o f  t h e  s ~ i n e  c o n s i s t i n ?  o f  
two v e r t e b r a l  bot!ies w i t h  t h e i r  i n t e r v e n i n q  d i s c  was u t i l i z e d .  T h i s  
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s e c t i o n  was thawed a t  room t e m p e r a t u r s  ( 2 3  C )  f o r  a b o u t  two h o u r s  
and t h e n  t h e  v e r t e b r a l  b o d i e s  we're q r  i p p e d ,  a n 3  s u b s e a u e n t l v  s t r z t c h e c ? ,  
b y  means o f  two c l a m ~ s  (F ' i qu re  5 . 9 ) .  T h i s  s t e o  i s  done  t o  e a s e  5 0 t 3  
t h e  removal  o f  t h e  l i q a n e n t s  a n d  t h e  s e p a r a t i o n  o f  t h e  l a m e l l a e .  
The specimen p r e p a r a t i o n  w a s  done  manua l ly  under  room e n v i r o n m e n t a l  
*The m i c r o s u r q e r y  werf3rmed on t h e  3 n n u l u s  f i b r o s u s  was done s k i l l -  
f u l l y  by Dr. A .  K e t e n j i a n ,  o f  t h e  Hun t inq ton  Anpl ied  Medical  Research 
I n s t i t u t e ,  Pasadena ,  C a l i f o r n i ? ,  a s s i s t e d  by  t h e  a u t h o r .  
c o n d i t i o n s  a n 3  under  r n i c r o s c o u i c  o b s e r v a t i o n  ( 2SX) u s i n q  a  s c a l p e l ,  
f o r c e p s ,  and s c i s s o r s .  
INCISION 
E' iqure  5 . 9 .  G r i n p i n q  and  S t r e t c h i n g  o f  L4-L5 S o i n e  s e c t i o n  
F i r s t ,  t h e  a n t e r i o r  l o n g i t u 3 i n a l  l i q a m e n t  was  r e a o v e d  
u s i n q  a s c a l p e l  and f o r c e p s .  Next  t h e  e x t e r i o r  l a m e l l a  a t t a c h e d  t o  
t h e  l i g a m e n t  was f r e e d  f rom t h e  s m a l l  r e m a i n s  c ~ f  t h e  l i q a m e n t .  The 
f i r s t  s t e p  f o r  t h e  s e p a r a t i o n  o f  t h e  l a m e l l a e  was t o  p e r f o r m  two  
i n c i s i o n s  o f  l i n m  dewth  e a c h  v i a  t h e  s c a l p e l  ( F i g u r e  5 . 9 ) .  Then 
t h e  l a m e l l a  was l i f t e d  a t  t h e  p o i n t  M w i t h  t h e  a i d  o f  t h e  f o r c e p s  
a n d  s e p a r a t e d  fro-n t h e  a a j a c e n t  l a m e l l a  ( i n  t h e  n e i q h b o r h o o d  o f  
t h e  p o i n t  9) u s i n q  a  s c a l p e l  a s  shown s c h e m a t i c a l l y  i n  F i g u r e  5 .10 .  
The p e e l i n q  was d o n e  by h o l d i n q  t h e  l a m e l l a  a t  t h e  p o i n t  M 
w i t h  f o r c e p s  u s i n q  rninimua f o r c e  and  hv  o u s h i n g  t h e  l i g a m e n t ,  i n  
t h e  n z i g h b o r h o o d  o f  p o i n t  N, u s i n q  o n l y  t h e  onenins m o t i o n  of  the 
s c i s s ~ r s '  b l u n t  e d q e s .  I t  was f o u n d  by t r i a l  and  e r r o r  t h a t  t h i s  
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produced t h e  most s a t i s f a c t o r y  r e s u l t s .  F i n a l l y ,  t h e  o t h e r  ends 
o f  t h e  peeled l a n e l l a  were c u t .  T h e  l ame l l a  spec inen  was then 
placed i n  a s e a l e d  ? l a s t i c  con ta ine r  and a a i n t a i n e d  a t  d r y  i c e  
temperature .  
LAME L lAE 
Figure  5.10.  ~ e e l i n q  o f  t h e  Lamella 
Af te r  t h e  f i r s t  l a m e l l a  was removed, t h e  nex t  one was f r eed  
from any remainders of  t h e  f i r s t  l a m e l l a .  The sane  ~ r o c e d u r e  was 
t h e n  z p p l i e d  fGr +.LA "-----L:-- - C  --I LUC ~ C ~ C ~ I Q L I V I I  U  N U L ~  l a m ~ l l a e  ii-om i i i t .  a r i i e i i o r  
p o r t i o n  of  t h e  annulus f i b r o s u s .  
I n  o rde r  t o  keep t h e  s9ec inen  wet ,  s a l i n e  s o l u t i o n  ( 50 qr  
NaC1/1000 c c  s o l u t i o n )  was a p p l i e d  v i a  qauze t o  t h e  s u r f a c e  of  
t h e  l ame l l a  t o  be c u t  nex t .  Before t h e  des i r2d  s ~ e c i a e n  i s  praoared 
f o r  mechanical  t e s t i n s ,  t h e  q u a l i t y  o f  t h e  s e p a r a t e d  l a n e l l a  was 
checked. F i r s t ,  by eye i n s p e c t i o n ,  t h o s e  s ~ e c i n e n s  c o n t a i n i n q  
some c u t s  ( r u p t u r e s )  were e l i m i n a t e d .  These r u p t u r e s  occur red  
g e n e r a l l y  a long t h e  d i r e c t i o n  of t h e  f i b e r s .  When t h e s e  i npe r -  
f e c t i o n s  were removed, t h e  s i z e  o f  t h e  u se fu l  l a m e l l a  was reduced 
and i n  t.he c a s e  t h a t  t h e  r u ~ t u r e s  were e x t e n s i v e ,  t h e  l a m e l l a  
was d i s c a r d e d .  A s  an  example ,  F i q u r e  3 . 3 ( a )  o r e s e n t s  a  n i c r o s c o o i c  
v iew o f  a  s m a l l  s e c t i o n  o f  a  l a m e l l a .  T h i s  p i c t u r e  was o b t a i n e d  
u s i n g  a  t r a n s m i s s i o n  mic roscope  ( 7 5 X )  w i t h  q r e e n  f i l t e r  and p h a s e  
c o n t r a s t .  The e x a m i n a t i o n  o f  t h e  e n t i r e  s u r f a c e  o f  t h i s  l ame l . l s  
showed t h a t  w i t h  t h e  e x c e p t i o n  o f  a few s t r a n d s ,  t h e  f i b e r s  r a n  
a l o n g  t h e  same d i r e c t i o n .  T h i s  implies t h a t  a s i n q l e  l a ~ z l l a  
was o b t a i n e d .  S i n c e  t h e  d r v i n q  o f  t h e  specimen w 3 s  s e v e r e  d u r i r q  
t h e  m i c r o s c o p i c  e x a m i n a t i o n ,  i n  f u t u r e  work t h e  specimen w i l l  
b e  k e p t  i n  s e a l e d  o l a s t i c  s m a l l  c o n t a i n e r s .  
The spec imens  f o r  mechan ica l  t e s t i n g  were t h e n  c u t  a t  
s p e c i f i e d  d i r e c t i o n s ;  i . e . ,  a l o n q ,  p e r p e n d i c u l a r  a n 3  a t  a n  a n q l e  
o f  a b o u t  30'. The ~ r o c e d u r e  f o r  c u t t i n q  t h e s e  s n e c i ~ e n s  i s  d i s c u s s e d  
n e x t .  
I n  o r d e r  t o  keep  t h e  soec imen s t r a i g h t ,  t h e  l a ~ e l l a  was 
p l a c e d  be tween  two p r o p e r l y  a l i q n e d  g r i p s ,  a s  shown i n  F i q u r e  5 . 1 1  




F i g u r e  5 . 1 1 .  G r i n p i n g  o f  t h e  Lamella 
A t  t h i s  ~ o i n t  and under m i c r o s c o p i c  o b s e r v a t i o n  ( 5 X  t o  10X) 
s p e c i n e n s  o f  w r e s p e c i f i e d  q e o ~ e t r y  were  c u t  bv  u s i n q  a  c u t t e r  
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q 3 d 2  w i t h  s h a r u  r a z o r  h l a d t ? s  s o n a r a t 5 r I  by s d j u s t s h l z  s p a c e r s .  
A f t e r  t ! ~ e  s ? e c i m e n s  w e r e  c u t ,  t h e i r  d i m e n s i o n s  a n d  t h e i r  w e i q h t s  
h e r e  m e a s u r e d .  Sone t y o i c a l  d i n e n s i o n s  o f  s u c h  s p e c i m e n s  a r e  
shown i n  F i a u r e  5 . 1 2 .  
F i q u r e  5 . 1 2 .  T y ~ i c a l  Lamel la  Spec imen  u s e d  i n  t h i s  R e s e a r c h  
3 -- O t h e r  Methods o f  Spec imen  E x c i s i o n .  We h a v e  
---- 
o b t a i n e d  s p e c i a e n s  f rom t h e  a n n u l u s  f i b r o s u s  b y  c u t t i n a  t h e 7  w i t h  
a d e r m a t o n e .  Us inq  t h i s  c u t t i n q  t e c h n i q u e  we c a n  o b t a . i n  q u i c k l y  
s e c t i o n s  o f  a d j u s t a b l e  d i m e n s i o n s  f rom t h e  a n n u l u s  b u t  w i t h  l i t t l e  
p r e s e n t e d  i n  F i a u r e  3-3.  
An e x a m i n a t i o n  o f  t h e  f i b e r  d i r e c t i o n  a t  t h e  s u r f a c e  
i n d i c a t e s  t h a t  o u r  s o e c i n e n  has 3 o r  % o r e  l a n e l l a e  ( F i q u r e  3 . ( b ) ) .  
k q a i n ,  as s o o n  a s  t h e  s ? e c i ? e n s  were  o r e n a r e d  t h e y  w e r e  p l a c e d  a n d  
k e p t  i n  s e a l e d  ~ l a s t i c  c o n t a i n e r s  a t  t e m o s r a t u r e s  b e l o w  0 C u n t i l  
t h e  t h e  o f  ~ e c h a n i c a l  t e s t i n g .  
b .  L a b o r a t o r y  b n v i r o n a e n t a l  C o n d i t i o n s  N e c e s s a r v  f o r  t h e  
M e c h a n i c a l  T e s t i n s  o f  Speci inens  C u t  F r o n  a Disc. 
Our e x ~ e r i n e n t a l  p r o c e d u r e  u s e d  f o r  t h e  d e t e r m i n a t i o n  of  
t h e  m a s t e r  r e l a x a t i o n  c u r v e ,  a t  n e a r l y  h u n l n  body  s o n r ' l i t i g n s ,  
r e q u i r e s  n e c h a n i c a l  t e s t i n q  o f  t h e  d i s c  s ? e c i n e n ( s )  a t  v a r i o u s  
w a t e r  c o n c e n t r a t i o n s  ( a b o v e  and b e l o w  body  c o n d i t i o n s )  u n d e r  
c l o s e d  s y s t e m  c o n d i t i o n s .  A s y s t e m  ( t h e  s p e c i m e n )  i s  c o n s i d e r e d  
t o  b e  c l o s e d  i f  t h e r e  i s  n o t  n e t  f l o w  o f  i t s  c o n s t i t u e n t  ?bases 
a c r o s s  t h e  s y s t e m  b o u n d a r y .  
I n  p r a c t i c e  a n  a b s o l u t e l y  c l o s e d  s y s t e n  c a n n o t  b e  a c h i e v e d .  
I t  c a n  b e  o b t a i n e d  o n l y  a p p r o x i m a t e l v .  However,  t h e  f o l l o w i n s  two 
a p p r o a c h e s  c a n  l e a d  t o  a  c l o s e d  ( o r  a l n o s t  c l o s e d )  s y s t e m .  They 
a r e  t h e  c o n t r o l l e d  e n v i r o n m e n t  a p ~ r o a c h  a n d  t h e  u n c o n t r o l l e d  
e n v i r o n m e n t  a p p r o a c h .  
1) --- The C o n t r o l l e d  ------ E n v i r o n n e n t  Approach .  I n  t h i s  c a s e  
t h e  s p e c i m e n  i s  i n i t i a l l y  i n  e q u i l i b r  i u n  ( o r  n e a r  e q u i l i b r  iuin) 
w i t h  t h e  e n v i r o n m e n t  i n  which  i t  i s  a o i n q  t o  b e  t e s t e d .  T h e r e f a r e ,  
t h e r e  is  no  ( o r  o n l y  s m a l l )  n e t  f l o w  o f  m a t e r i a l  a c r o s s  t h e  s p e c i m e n  
i n t e r f a c e .  T h i s  imp l i e s  t h a t  t h e  s p e c i m e n  c a n  b e  c o n s i d e r e d  a s  
P : - - -  ,.- a c losed  system. d l l l L t .  W C  UcaILZ. t~ s t ~ d v  t h e  m a t e r i a l  p r o ~ z r t i z - s  
a t  v a r i o u s  w a t e r  c o n c e n t r a t i o n s ,  w e  m u s t  s e a r c h  f o r  e n v i r o n m e n t s  
a t  which  e q u i l i b r i u m  e x i s t s  a t  v a r i o u s  w a t e r  c o n t e n t s .  We c a n  
a c h i e v e  t h i s  b y  c h a n q i n q  t h e  o s m o t i c  D r e s s u r e  o f  t h e  w a t e r  i n  
t h e  e n v i r o n m e n t .  For  e x a m p l e ,  o n e  way i s  b y  c h a n q i n q  t h e  n a r t i a l  
p r e s s u r e  ( h u n i d i t y )  o f  w a t e r  i n  t h e  a i r .  A n o t h e r  wav i s  b y  i n t r o d u c i n a  
s o l u t e s  i n  a l i q u i d  e n v i r o n n e n t  w h i c h  e f f e c t i v e l v  d r o p  t h e  o s m o t i c  
p r e s s u r e  o f  t h e  w a t e r  (water w i t h  ~ 3 1 t  o r  w a t e r  w i t h  c h o n d r o i t i n  
s u l f a t e ) .  However ,  t h e r e  i s  a  l i m i t a t i o n  o f  t h i s  n e t h o d  when 
m e c h a n i c a l  t e s t i n g  i s  p e r f o r m e d  a n d  i s  d u e  t o  t h e  n e c h a n i c a l  e n e r q y  
i n t r o d u c e d  t o  t h e  m a t e r i a l .  T h i s  e n e r a y  s h i f t s  t h e  e q u i l i b r  i u q  
c o n c e n t r a t i o n ,  t h e r e f o r e  t h e  s y s t e n  i s  n o  l o n g e r  i n  e q u i l i b r i u m  
and a Llow a c r o s s  t h e  i n t e r f a c e  o c c u r s .  Howaver, i t  t h i s  s h i f t  
i s  s m a l l  o r  t h e  d i f f u s i c n  i s  s low ( s a e  n e x t  ~ a r a s r 3 ~ n )  , w e  c a n  
3t i l l  c o n s i d ~ r  t h e  sccci-nen 3~ 3 C ~ Q S C ~  s y s t e n  f a r  F s u f f i c i e n t l y  
l a r q e  t i n e  i n t e r v a l  ( i . e . ,  two h o u r s ) .  
Saszd  on t h i s  g e n e r a l  d i s c u s s i o n ,  t h ?  f o l l 3 w i n q  o r o c e d u r e s  
were  a p p l i e d .  
(1) -- 24oist & i r  --------- Environment .  T h e  f o l l o w i n q  e x p e r i n e n t s  
were  performed f ? r  t h e  d s t ~ r ~ i n a t i o n  o f  t h e  t i m e  r e q u i r e d  f o r  t h e  
w a t e r  c o n t e n t  o f  d i s c  s ~ e c i ~ e n s  t o  r e a c h  e a u i l i h r i u m  w i t h  i t s  m o i s t  
a i r  e n v i r o n a e n t  a s  w e l l  a s  f o r  t h e  e s t i q a t i o n  9 1  t h e  o e r c e n t a g e  
of  w3ter  c o n t e n t  i n  i t .  The soec imens  u s e d  were o b t a i n e d  from 
t h e  a n t e r i o r  c i r c u m f e r e n t i a l  s e c t i o n  ( A C )  o F t h o  d i s c '  s ? + n n u l u s  
f i b r o s u s  v i a  d e r r n a t o ~ e  ( F i q u r e  5 . 8 )  an3  c o n s i s t e d  o f  one and 
t h r e e  o r  more l a g e l l a e  ( S e e  S e c t i o n  V-3-a).  
The  spec imens  were f i r s t  d r i e d  i n  a d e s i c c a t o r  o v e r  s i l i c a  
q e l  env i ronmen t  and t h e n  t h e i r  d i m e n s i o n s  and w e i g h t s  were n e a s u r e d .  
I n  ou r  e x ~ e r i m e n t  t h e  d r y i n q  t i m e *  was a r i b t r a r y  b u t  a l w a v s  l o n q e r  
t h a n  2 4  hour s .  S u b s e q u e n t l y ,  t h e  spec imens  were  p l a c e d  ov5r  a w i r e  
m e s h  i n s i d e  t h e  REMCO e n v i r o n m e n t a l  chamber w i t h  c i r c u l a t i n g  a i r  
a t  f i x e d  b u t  c o n t r o l l a b . l e  t e m p e r a t u r s  and  h u m i d i t y  c o n d i t i o n s .  
T h e  d e t e r m i n a t i o n  o f  t h e  t i n e  r e q u i r e d  f o r  e q u i l i b r i u m  was done  
by  removinq t h e  spec imen p e r i o d i c a l l y  from t h e  chamber and r e c o r d i n q  
i t 5  we iqh t  u n t i l  i t s  we iqh t  d i d  n o t  change  w i t h  t i m e .  M e  t r i e d  t o  
min imize  t h e  t i n e  r e q u i r e d  t:, t a k e  t h e  spec imen o u t  o f  t h e  chamber ,  
weigh i t  and t h e n  p l a c e  i t  hack  i n  a q a i n .  More p r e c i s e l y ,  a a  soon  
a s  t h e  spec imen was t a k e n  o u t  o f  t h e  e n v i r o n n e n t a l  chamber ,  i t  was 
- - - - Y A W -  -- 
*We p l a n  t o  o b t a i n  t h e  time r e q u i r e d  f o r  a s p e c i q e n  t o  d r y  more 
a c c u r a t e l y  a t  n f u t u r e  d a t e .  
p laced  i n  a s -ns l l  n l a s t i c  box t i q h t l y  c l o s e d  and we iqh ted*  w i t h  
t h ?  box. Then t h e  spec imen  was removed from t h e  box and p l a c e d  
i n  t . h e  e n v i r o n m e n t a l  chamber a q a i n .  T h i s  o p e r a t i o n  took  l e s s  
t h a n  two m i n u t e s .  The p e r c e n t a q e  o f  w a t e r  c o n t e n t  i n  t h e  snec imen 
was e s t i m a t e d  from t h e  r a t i o :  
w e t  w e i p h t  - d r y  w e i g h t  
w e t  w e i g h t  x 1 0 0  
Al thouah  t h i s  inethod i n v o l v e s  many p o t e n t i a l  p r o b l e m s  ( i  .e . ,  t h e  
e v a p o r a t i o n  o f  wa te r  d u r i n q  w e i g h t  measurement ,  t h e  c o n d e n s a t i o n  
o f  d r o p s  on  t h e  spec imen a f t e r  p l a c i n g  i t  c o o l  i n  t h e  moist -warn 
chamber ,  e t c . )  w e  c a n  o b t a i n  a p p r o x i m a t e  v a l u e s  f o r  b o t h  t h e  
e q u i l i b r i u m  time and t h e  p e r c e n t a q e  o f  w a t e r  c o n t e n t  i n  t h e  spec imen 
a s  a  f u n c t i o n  o f  time. 
Tab le  5 . 1  s u m n a r i z e s  o u r  e x p e r i m e n t a l  f i n d i n q s  f o r  t h e  c a s e s  
o f  s i n g l e  l a m e l l a  and t r i p l e  l a m e l l a  spec imens .  I n  b o t h  c a s e s  
t h e  2 e r c e n t a g e  o f  wa te r  c o n t e n t  i n  t h e  spec imen was v e r y  low 
conpa red  t o  t h e  708  e x p e c t e d  f o r  spec imens  f r o n  d i s c s  of  advanced 
a g e ,  which was t h e  c a s e  f o r  o u r  snec imens  ( s e e  S e c t i o n  111-2). 
*The w e i q h t s  were o b t a i n e d  w i t h  a   recision m e c h a n i c a l  b a l a n c e .  
5 - 2 1  
T a b l e  5 . 1  Time f o r  E q u i l i b r i u m  and P e r c e n t a 7 e  o f  Water 
f o r  S i n g l e  and T r i p l e  Lamella  Specimens 
----------- --- 
P e r c e n t a a e  o f  




S i n g l e  l a m e l l a  Two exne r  i v e n t s  
were s e r f o r n 3 1  
i n  t h i s  c a s e  
--------- 
T r i p l e  l a m e l l a  The e a u i l  i b r  i u m  
o e a s u r e m e n t s  o f  
we iqh t  were 
3ve raqe  o f  s i x  : 
measurements  
t a k e n  between 
40-1500 a i n .  1 b 
I 





b Env i ronmen ta l  Dry b u l b  t e m p e r a t u r e  2 380(3 
C o n d i t i o n s :  iVet b u l b  t e m p e r a t u r e  2 36 C 
v i a  t a b l e s  and c h a r t s  
Tempera ture  o f  t h e  env i ronmen t  3 8 O ~  
~ e l a t i v e  Humidi ty  2 9 0 %  
o r  
Abso lu t e  Humidi ty  z 0.0305 crr o f  Water 
? e r  7 r  o f  d r y  a i r  
I n  o r d e r  t o  i n c r e a s e  t h e  w a t e r  c o n t e n t  o f  t h e  spec imen ,  t h e  
d r y  b u l b  t e m p e r a t u r e  must  b e  r a i s e d ,  w h i l e  n a i n t a i n i n q  a  h i q h  
r e l a t i v e  h u n i d i t y .  Tha t  i s ,  t h e  p a r t i a l  p r e s s u r e  ~f t h e  w a t e r  
vanor  i n  t h e  a i r  w i l l  c o n t r o l  t h e  w a t e r  i n  t h e  s p e c i ~ e n  and a t  
h i g h e r  t e m p e r a t u r e s  we c a n  o b t a i n  h i g h e r  ~ a r t i a l  p r e s s u r o s .  
The h i g h e s t  t e n p e r a t u r e  a c h i e v a b l e  i n  o u r  s x o e r i n e n t a l  
s e t u p  was a b o u t  ~ O ~ C  b e c a u s e  t h e  p l a s t i c  h o s e s  and  t h e  b l o w e r  u s e d  
f o r  t h e  c o n n e c t i o n  o f  t h e  two  e x p e r i m e n t a l  c h a m b e r s  c o u l d  n o t  b e  
s u b j e c t e d  t o  h i g h e r  t e m p e r a t u r e s  ( S e c t i o n  V - 3 - b ) .  Our r n e a s u r c m e n t s  
w e r e  b a s e d  o n  t h e  t h r e e  l a m e l l a e  s p e c i m e n  d e s c r i b e d  e a r l i e r .  I t  was 
0 
shown t h a t ,  f o r  a  d r y  b u l b  t e m p e r a t u r e  o f  4 8 . 1  C and  a  w e t  b u l b  
0 
t e n p e r a t u r e  of  4 7 . 5  C ( w h i c h  c o r r e s o o n d s  t o  a n  a b s o l u t e  h u m i d i t y  
o f  0 . 0 7 5 5  3 r  o f  w a t e r  ? e r  g r  o f  d r y  a i r  i n  t h e  e n v i r o n m e n t ) ,  t h e  
w e i g h t  o f  t h e  s p e c i ~ e n  was 3 6 . 8  mqr o r  t h a t  i t s  w a t e r  c o n t e n t  
was 4 6 % .  
However,  t h e  u s e  o f  h i g h  t e m p e r a t u r e s  s e e m s  t o  i n t r o d u c e  
t h e  f o l l o w i n g  c o m p l i c a t i o n s :  
(1)  O x i d a t i o n  o f  t h e  s p e c i m e n  
( 2 )  S h i f t i n g  i n  t h e  r e l a x a t i o n  s p e c t r u m  d u e  t o  t e m p e r a t u r e  
i n  a d d i t i o n  t o  t h e  c o n c e n t r a t i o n  s h i f t  b e i n g  s t u d i e d .  
he i n v e s t i g a t e d  t h e  r e l a t i v e  i m p o r t a n c e  o f  b o t h  f a c t o r s  and  
o u r  p r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  t h e i r  c o n t r i b u t i o n  t o  t h e  
m,-,nh3rr;"51 I-rnh?rr;r.r ..-," .--.&LA.- - - - 1 1  I - - -  ----  
.LLLLIIwIIIbUI L I C I I u V  A"& w a s  L ( ; I L k i C = L  J ~ I ~ Q L  L \atft .  lien t s e c t l ~ i i j  . F i i ~  i h e r  
work i s  n e c e s s a r y  t o  q u a n t i f y  t h o s e  e f f e c t s .  We ~ o i n t  o u t  h e r e  
t h a t  a  c h a n g e  i n  c o l o r  o f  t h e  s p e c i n e n  o c c u r r e d  ( t h e  s p e c i m e n  
b e c a n e  b r o w n e r )  and w e  a s sumed  t h a t  t h i s  was e v i d e n c e  o f  o x i d a t i o n .  
The r e s u l t s  o b t a i n e d  b y  t h e  u s e  o f  t h i s  e n v i r o n m e n t  a r e  
summar i z e d  b e l o w :  
(1 )  Both  t h e  t r i p l e  l a m e l l a  a n d  s i n g l e  l a m e l l a  s p e c i m e n s  
were d r i e r  t h a n  b o d y  c o n d i t i o n s  a t  a l l  e n v i r o n m e n t s  
a c h i e v a b l e  i n  o u r  experimental s e t u ~  (14% - 4 0 %  H20 
v s .  7 0 %  a t  b o d y ) .  A l t h o u q h  we d o  n o t  h a v e  s u f f i c i e n t  
d a t a  ( t h e  o n l v  d a t a  ~ v a i l a b l ?  a r e  g i v e n  i n  T 2 b l e  
5 . 1 ) ,  w e  s o e c u l a t e  t h a t  i n  t h e  c a s e  o f  t h e  s i r q l e  
l a ~ e l l a  i t  i s  p o s s i b l e  t o  r e a c h  l a r g 9 r  p e r c e n t a q e  
o f  w a t e r  i n  t h e  s p e c i n e n  cornoared t o  t h e  w a t e r  
c ~ n t e n t  f o r  t r i p l e  l a a e l l z  b y  u s i n a  h i q h e r  temp- 
e r a t u r e s  i n  t h e  e n v i r o n m e n t .  
1 2 )  T h e r e  were s i q n i f i c a n t  d i f f e r e n c ? ~  b e t w e e n  t h e  w a t e r  
c o n t e n t  o f  t h e  s i n q l e  l a m e l l a  s p e c i m e n s  a s  c o a p a r e d  
t o  t h e  t r i p l e  l a r n e l l a  o n e s .  Namely, t h e  s ~ e c i n e n s  
c o n s i s t i n g  3 f  o n e  l a r n e l l a  c o n t a i n e d  more  w a t e r  t h s r .  
t h e  m u l t i ~ l e  l a n e l l a e  o n e s  ( 4 0 8  v s .  1 4 % ) .  
( 3 )  The t i m e  r e q u i r e d  t o  a c h i e v e  e a u i l i b r i u r n ,  f o r  
s i n g l e  and  t r i p l e  l a m 9 1 1 3  s ~ e c i m e n s ,  was o f  t h e  
o r d e r  o f  a f e w  h o u r s ,  s i n c e  t h e  water :  d i f f u s e s  i n  
o r  o u t  o f  t h e  s p e c i m e n  r e l a t i v e l y  s l o w l y .  
( 4 )  The ~ r o b l e r n s  w i t h  t h e  c o n t r o l  o f  h u m i d i t y  w a r r a n t  
a  m o d i f i c a t i o n  o f  t h e  c o n t r o l  mechanism ( i . e . ,  t h e  
c o n t r o l l e r  i n  t h e  TENNEY e n v i r o n m e n t a l  c h a m b e r )  f o r  
a n y  f u t u r e  work .  
The p r 3 b l e n s  a s s o c i a t e d  w i t h  t h e  c o n t r o l  o f  h u m i d i t v  a r e :  
(1) 0 O s c i l l a t i o n s  o f  + 0 . 5  C i n  t h e  w e t  b u l b  t e m p e r a t u r e ,  
- 
(See  F i q u r e s  5-15 and 5 -19 ) .  
( 2 )  Format . ion  o f  d r o p s  w h i c h  d e p o s i t  o n  t h e  s p e c i n e n  
a t  h i q h  r e l a t i v e  h u m i d i t i e s .  ( S e e  p a r a q r a p h  5 o f  
t h i s  S e c t i o n . )  
I n  c o n c l u s i o n ,  t h e  p r e v i o u s l y  d i s c u s s e d  e n v i r o n m e n t a l  
c o n d i t i o n s  c a n  b e  used t o  o b t a i n  a  l a r g e  p o r t i o n  o f  t h e  m e c h a n i c a l  
d a t a .  However, s u f f i c i e n t l y  l a r q e  amounts  o f  wa te r  i n  t h e  spec imen 
c a n n o t  b e  a c h i e v e d  and o t h e r  e n v i r o n m e n t s  a r e  needed  f o r  t h i s  
pu rpose .  I n  t h i s  t y p e  o f  e x p e r i m e n t  t h e  p e r c e n t a g e  o f  wa te r  i n  
t h e  spec imen was c o n t r o l l e d  by  t h e  a d j u s t a b l e  r e l a t i v e  h u m i d i t y  
o f  t h e  a i r  ( 1 5 %  - 9 5 % )  v i a  t h e  TENNEY e n v i r o n m e n t a l  chamber .  
The upper  l i m i t  was s e t  by t h e  a p p e a r a n c e  o f  m i s t  i n  t h e  a i r  ( t h a t  
i s ,  t r a p p e d  d r o p s  o f  w a t e r  i n  t h e  c i r c u l a t i n q  a i r ) .  
( 2  ) S a l i n e  S o l u t i o n  Environment .  I n  t h i s  c a s e  we s t u d i e d  
t h e  e f f e c t s  o f  t h e  env i ronmen t  e s t a b l i s h e d  t h r o u q h  v a r i o u s  concen-  
t r a t i o n s  o f  s a l i n e  s o l u t i o n s  on a  d i s c  s ~ e c i m e n .  I n  d o i n q  s o ,  we 
c o u l d  c o n t r o l  t h e  p e r c e n t a q e  o f  w a t e r  c o n t a i n e d  i n  t h e  s p e c i n e n  which  
was i n  e q u i l i b r i u m  w i t h  i t s  e n v i r o n m e n t .  The maxinuin p e r c e n t a q e  
of wa te r  was o b t a i n e d  u s i n q  d e i o n i z e d  wa te r  and t h e  minimum w i t h  
s a t u r a t e d  NaCl s o l u t i o n .  S a t u r a t i o n  o f  NaCl s o l u t i o n  o c c u r s  
a t  350 q r .  NaCl per  1000 cc s o l u t i o n .  However, s i n c e  s u c h  
a s o l u t i o n  was d i f f i c u l t  t o  p r e p a r e ,  we used 300 q r .  o f  NaCl p e r  
1000 c c  s o l u t i o n  a s  t h e  upper  l i m i t  o f  NaCl p r e ~ a r e d  a t  roo13 
t e m p e r a t u r e  (--2oCc). 
A s  i n  t h e  c a s e  o f  m o i s t  a i r ,  w e  d e t e r m i n e d  t h e  t ime  r e q u i r e d  
f o r  t h e  spec imen t o  r e a c h  e g u i 1 i b r i u . n  i n  t h i s  env i ronmen t  ( F i g .  5 . 1 3 ) ,  
a s  w e l l  a s  t h e  p e r c e n t a g e  o f  i t s  w a t e r  c o n t e n t  a t  e q u i l i b r i u m .  I n  
t h e s e  e x p e r i m e n t s  one  s i n q l e  l a m e l l a  and two t r i p l z - l a m e l l a  s p e c i m e n s  
were used .  The  two t r i p l e  l a m e l l a e  spec imens  were t a k e n  from t h e  
s a n e  d i s c  s e c t i o n  a s  t h e  one  used  i n  t h e  c a s e  o f  t h e  p o i s t  a i r .  A l l  
s nec imens  were f i r s t  d r i e d  i n  a i r  o v e r  s i l i c a  g e l  and t h e n  t h e i r  
5 - 2 5  
d i n e n s i o n s  and w e i q h t s  were measu red .  S u b s e q u e n t l y  t h e y  were immersed 
i n  s a l i n e  s o l u t i o n s  o f  v a r i o u s  c o n c e n t r a t i o n s  ( 6 0 ,  1 8 0 ,  and 300  g r .  
NaC1/1900 c c  s o l u t i o n )  m a i n t a i n e d  a t  room t e m p e r a t u r e  ( - - 2 0 ' ~ )  . 
The w e i g h t  and d i m e n s i o n s  o f  t h e  spec imen were  mon i to red  
d u r i n g  t h e  s w e l l i n q  o r o c o s s  i n  t h e  v a r i o u s  s o l u t i o n s .  T h e  d i q e n s i o n s  
were  measured i n s i d e  t h e  s o l u t i o n  s o  a n y  e r r o r  d u e  t o  p o s s i b l e  
d r y i n q  of  t h e  soec imen d u r i n g  measurements  was e l i m i n a t e d .  The 
w e i g h t s  were o b t a i n e d  w i t h  a  p r e c i s i o n  mechanic31  b a l a n c e  a f t e r  
removincj t h e  s o e c i n e n  from t h e  s o l u t i o n .  The we iqh inq  D r o c e s s  
t o o k  l e s s  t h a n  one  m i n u t e  s o  t h a t  a n y  e v a n o r a t i o n  o f  w a t e r  f r o %  
t h e  s p e c i q e n  i n  t h i s  s t e p  was min imal .  However, l 3 r q e  e r r o r s  i n  
t h e  w e i a h t  measurements  were  i n v o l v e d .  T h i s  was d u e  t o  t h e  f a c t  
t h s t  d r o p s  o f  s o l u t i o n  t e n d  t o  a d h e r e  t o  t h e  s u r f a c e .  We reduced  
t h a t  ~ r o b l e m  by r e n o v i n q  t h e  d r o p s ,  t h a t  i s ,  s h a k i n q  t h e  d r o p s  
o f f .  Our d a t a ,  i n  s p i t e  o f  t h e  l a r q e  e r r o r s  i n v o l v e d  i n  t h e s e  
n e a s u r e n e n t s ,  e n a b l e  u s  t o  o b t a i n  a n  e s t i m a t e  f o r  t h e  t i v e  t o  
r e a c h  e q u i l i b r i u m  31-13 t h e  n e r c e n t a g e  o f  wa te r  c o n t e n t  i n  t h e  
s o e c i n e n  a t  a q u i l i b r i u m .  For a l l  e x ~ e r i r n e n t s  t h o  s w e l l i n q  Drocess  
r e a c h e d  e q u i l i b r i u m  i n  a  few hour s*  (1  t o  2 h r s )  a s  i t  i s  shown 
i n  F i q u r e  5 .13 .  
* I n  some i n s t a n c e s  t h e  t i m e  t o  r e a c h  e q u i l i b r i u m  was n o t  m e a s u r a b l e  
b e c a u s e  t h e  change  d i a e n s i o n s  and w e i g h t  were s n a l l  coqpa r9d  t o  t h e  
e r r o r s  i n v o l v e d  i n  t h e  a e a s u r e m e n t .  
24 1 
TlME REQUIRED FOR A SINGLE LAMELLA SPECIMEN 
TO REACH EQUILIBRIUM WITH I r s  SALINE SOLUTION ENVIRONMENT 
( 6 0  qr NaCP/lOOO cc SOLUTION 
-1 
COMMENT: FOR BOTH EXPERIMENTS 
THE WEIGHT OF THE SPECIMEN 
WAS TAKEN IN AIR ENVIRONMENT 
TlME - min 
F i g u r e  5.13. E q u i l i b r i u m  T i m e  f o r  a  S i n q l e  Lamel la  S p e c i n e n  
w i t h  i t s  S a l i n e  S o l u t i o n  Environment  
The d i m e n s i o n s  and t h e  we iqh t  a t  e q u i l i b r i u m  were  t h e  a v e r a g e  
o f  s e v e r a l  measurements  o b t a i n e d  o v e r  a  c e r t a i n  time i n t e r v a l .  
Tab le  5 . 2  summarizes  ou r  measurements .  From t h e s e  measurements  
o n e  c a n  o b s e r v e  t h a t  t h e  d i m e n s i o n s  o f  t h e  spec imens  d o  n o t  v a r y  
much a s  w e  change  s o l u t i o n s .  However, by  t a k i n q  t h e  r a t i o s  o f  
s w o l l e n  o v e r  d r y  measurements  ( T a b l e  5 . 3 )  , s u b s e q u e n t l y  r e f e r r e d  t o  
a s  " s w e l l i n g  r a t i o s , "  w e  o b s e r v e  t h a t  t h e  s w e l l i n q  was n o t  i d e n t i c a l  
i n  a l l  d i r e c t i o n s  ( s w e l l i n g  a n i s o t r o p y ) .  The s w e l l i n q  a n i s o t r o p y  
w i l l  b e  d i s c u s s e d  f u r t h e r  i n  V-4.  
Table 5 .2 .  E a u i l i b r i u r n  Swellinq 3 a t a  
Weight 




D e s c r i p t i o n  




Th icknes s  
S i n g l e -  
Lame l l a  
0  At 60 g r  h ' a ~ l / 1 0 0 0 c c  s o l u t i o n  
a t  TSZI'C 
Dens i ty  o f  t h e  specimen:  
P = 1.2329 g r / c c ,  
d r y  
Pwet - 1.148 g r / c c  
T r i p l e -  
Lame 1  1 i; 
o At 60gr  NaC1/1000cc s o l u t i o n  
and T - 21'C 
o  Measurement o 5 t a i n e d  From t h e  
ave rag ing  of  16 d a t a  p o i n t s  
ove r  70-2830 minutes .  
o  Time f o r  e q u i l i b r i u m  s w e l l i n g  
= I h r .  
o  At 180 g r  No~1 /1000cc  s o l u t i o n  
and T 2 21DC 
o Measurement o b t a i n e d  from t h c  
ave rag ing  of  10 d a t a  p o i n t s  
o v e r  125-2870 minu te s  
o  T i r e  f o r  e q u i l i b r i u n  n o t  
measurable  s i n c e  d imensions  
and weight  do n c t  change much. 
Be l i eved  t o  be  few hour s .  
T r i p  lcj- 
I.au,ella 
o  A t  300gr NaC1/1000cc s o l u t i o n  
and T m 21°C 
o Yeasurements o b t a i n e d  from t h e  
ave rag ing  o f  10  d a t a  p o i n t s  
over  40-2820 minutes  
o  rime f o r  e q u i l i b r i u m  s w e l l i n g  
i s  abou t  2 h r s .  
o  A t  180gr  NaC1/1000cc s o l u t i o n  
and T r 21°C 
o Measurements o b t a i n e d  from t h e  
ave rag ing  o f  16 d a t : ~  p o i n t s  
o v e r  140-2890 minu te s  
o  T ine  f o r  t qu i l i b r iu r r .  n o t  
measurable  s i n c e  d imens ions  
@ weigh t  do n o t  change much. 
Be l i eved  t o  be  few h r s .  
T a b l e  5 . 3 .  Equil ibrium Swell ing Ra t io s  of Water i n  Swollen Specimen 
Table 5 . 4  g i v e s  an average e s t i m a t e  o f  t h e  water  i n  t h e  
t r i p l e - l a m e l l a  specimen a t  t h e  s t a t e  o f  equ i l i b r ium with  its 
Specimen Specimen 
NO.  1 ~ ~ e s c r i p t i o n  




Table 5 . 4 .  Water Content i n  a Snecimen a t  Various NaCl S o l u t i o n s  
Swe l l i ng  R a t i o s  
S i n g l e -  
Lamel la  
T r i p l e -  
Lame 1 l a  
,I 
Specimen i ! Solu t ion  1 % of Water ! 
Descr ip t ion  i (gr/100 c c  S o l u t i o n )  I i n  Swollen s t a t e 1  Comments 1 
I I 
Weight 











There fore ,  t h e  v a r i o u s  s a l i n e  s o l u t i o n  c o n c e n t r a t i o n s  o f f e r  a 
r a t h e r  narrow ranqe of water c o n t e n t  i n  a t r i p l e  l a m e l l a  specimen. 
T h i s  i s  q u i t e  d i f f e r e n t  from t h e  r e s u l t s  ob ta ined  f r o n  a  circum- 
f e r e n t i a l  specimen ( A C )  c o n s i s t i n q  o f  one l a m e l l a ,  t aken  from t h e  
sane d i s c .  A s  b e f o r e ,  t h e  specimen was f i r s t  d r i e d  and then    laced 
5-29 
% of  Water i n  












1 . 6 1  
Comments 
60 g r  ~ a ~ 1 / 1 0 0 0 c c  
s o l u t i o n  
60 g r  NaC1/1000cc 
s o l u t i o n  
180 g r  NaC1/1000cc 
s o l i s t i o n  
300 g r  NaC1/1000cc 
s o l u t i o n  
180 g r  NaCl/ lOO0cc 






3 .71  
consecu t ive ly  i n  v a r i o u s  s a l i n e  s o l u t i o n s  o f  decreas inq  Mac1 cont2n t  
and f i n a l l y  i n  pure  de ion ized  wate r .  The r e s u l t s  a r e  shown i n  F i q .  5 . 1 4 .  
PERCENTAGE OF WATER AT VARIOUS SALINE SOLUTIONS 
- HUMAN INTERVERTEBRAL DlSC (L4- L5  1 
ONE LAMELLA - ANTERIOR CIRCUMFERNTIAL SECTION (AC) 
FROM THE ANNULUS FIBROSUS 
@ - 20 hrs 
- A - 80 hrs 
YOUNG 
I N  DlSC 
OLD L 
CONCENTRATION (gr NaCl /I000 cc SOLUTION ) 
Fipure 5.14. Percentaqe of Water f o r  a  One Lane113 
Specim2n a t  Var ious  NaCl So lu t ions  
We observed t h a t  t h e  d r y  specimens which have t h r e e  l a ~ e l l a z  o r  
one l ame l l a  were always curved and t w i s t e d  whi le  t h e  swollen specimens 
( a t - 7 0 %  of water o r  more) were s t r a i q h t  o r  on ly  s l i a h t l y  c u r v e d ) .  This  
n a t u r a l  t w i s t i n g  and curv ing  was expected and i s  due t o  t h e  a n i s o t r o o i c  
n a t u r e  and anatomic c h a r a c t e r  of t h e  composite m a t e r i a l  o f  t h e  annulus 
5 - 3 0  
f i b r o s u s .  The t w i s t i n q  a n d  c u r v i n q  o f  t h e  d r i e d  s ~ e c i r n e n  i n t r o d u c e s  
a n  e r r o r  i n  t h e  m e a s u r e m e n t s  o f  i t s  d i m e n s i o n s .  T h i s  e r r o r  i s  r a t h e r  
l a r q e ,  e s g e c i a l l y  i n  t h e  c a s e s  o f  t h i c k n e s s  a n d  w i d t h  m e a s u r e m e n t s .  
F u r t h e r m o r e ,  t h e  d e n s i t y  o f  t h e  d r i e d  o r  s w o l l e n  s p e c i m e n s  
was  o b s e r v e d  t o  b e  h i q h c r  t h a n  a n y  o f  t h e  s a l i n e  s o l u t i o n s  u s e d .  
T h a t  i s ,  a l l  t h e  s ~ e c i m e n s  d r o p  t o  t h e  b o t t o m  o f  t h e  s o l u t i o n s  
a f t e r  a l l  t h e  a i r  b u b b l e s  i n  i t s  s u r f a c e  w e r e  s h a k e n  o f f .  The  
c a l c u l a t i o n s  o f  t h e  d e n s i t y  f o r  d r y  s p e c i m e n s  q i v e  0 . 8 5  - + 0 . 2  gr/cmJ. 
However ,  i t  i s  known t h a t  t h e  d e n s i t y  o f  t h e  s a l i n e  s o l u t i o n s  i s  
s l i g h t l y  h i g h e r  t h a n  u n i t y  s o  t h e  u p p e r  l i m i t  o f  t h e  c a l c u l a t e d  
d e n s i t i e s  i s  m o r e  l i k e l y  t o  b e  c o r r e c t .  
G q l a n t e  o b s e r v e d  a p n r e c i a b l e  s w e l l i n g  w i t h  r e s p e c t  t o  b o d y  
w a t e r  c o n t e n t  when h e  p l a c e d  s p e c i m e n s  f r o m  t h e  a n n u l u s  f i b r o s u s  
i n  s o l u t i o n s  o f  0 . 0 9 %  s a l i n e  s o l u t i o n ,  b l o o d  o l a s m a  and d e x t r a n  
( 1 0 % )  ( R e f .  1 0 ) .  Cur o b s e r v a t i o n s  c o n f i r m e d  t h a t  s w e l l i n g  of t h e  
n-..--- - 1  1 - -  d i s c  s p e c i n e n  nccllrrec! ir? a l m c s t  sll s a l i n s  so l . ; t i cns .  L , ~ " = ~ ; a ~ ~ y  
when d i l u t e d  o n e s  w e r e  u s e d ,  t h e  w a t e r  c o n t e n t  w a s  h i q h e r  t h a n  b o d y  
c o n d i t i o n s  ( s e e  F i q .  5 . 1 4 ) .  T h i s  f a c t  may b e  s u r ~ r i s i n q  a t  f i r s t  
s i n c e  t h e  b o d y  f l u i d s  a r e  r e p o r t e d  t o  b e  a p p r o x i m a t e l y  r e p r e s e n t e d  
by d i l u t e  s a l i n e  s o l u t i o n s  a n d  t h e  d i s c  i s  i n  i n d i r e c t  c o n t a c t  
w i t h  s u c h  f ? u i d s  t h r o u g h  t h e  l i q a n e n t s  a n d  t h e  v e r t e b r a l  b o d i e s .  
However ,  w e  e x p l a i n  t h i s  o b s e r v a t i o n  b y  p o i n t i n q  o u t  t h a t  i n  
t h e  b o d y  t h e  d i s c  is  a l w a y s  u n d e r  n e c h a n i c a l  s t r e s s .  A c c o r d i n g  
t o  F l o r y - H u q q i n s  t h e ~ r y  ( R e f . 3 3 )  t h i s  m e c h a n i c a l  s t r e s s  s h i f t s  
t h e  e a u i l i b r i u m  w a t e r  c o n t e n t  o f  t h e  d i s c .  
S a l i n e  s o l u t i o n  a t  3 8 0 ~  o f f e r s  t h e  a d v a n t a g e  o f  a b e t t e r  
e n v i r o n n e n t a l  c o n t r o l  f o r  m e c h a n i c a l  t e s t i n g  a s  co -npared  t o  a i r  
a t  a b o u t  t h e  same t e m p e r a t u r e .  T h a t  i s ,  i t  d o e s  n o t  h a v e  t h e  
p r o b l e m s   resent when m o i s t  a i r  e n v i r o n m e n t  was u s e d .  However, o n l v  
r e l a t i v e l y  h i g h  w a t e r  c o n t e n t  c a n  b e  a c h i e v e d  by  u s i n q  t h i s  e n r i r o n -  
n e n t  ( i . e . ,  7 8 % - 8 3 % ) .  T h e r e f o r e ,  i f  t h e  s a l i n e  s o l u t i o n s  e n v i r o n -  
m e n t  i s  u s e d  t o g e t h e r  w i t h  t h e  w r e v i o u s l y  d i s c u s s e d  m o i s t  a i r  o n e ,  
t h e  w a t e r  c o n t e n t  r a n q e s  c o v e r e d  f o r  t h e  t r i ~ l e  l a m e l l a  s p e c i n e n  a r s :  
1 4 % - 4 6 %  f o r  t h e  m o i s t  a i r  a n d  78%-83% f o r  t h e  s a l i n e  s o l u t i o n  a t  a h o u t  
3 8 ' ~  t e m p e r a t u r e .  T h e r e f o r e ,  a t h i r d  e n v i r o n m e n t  i s  n e e d e d  t o  c l o s e  
t h e  w a t e r  c o n t e n t  s a p  ( i . e . ,  47% t o  7 7 %  f o r  a  t r - i o l e  l a m e l l a  s p e c i m e n )  
and t o  a s s u r e  t h e  r e p r o d u c i b i l i t y  o f  t h e  d a t a .  
L i q u i d  e n v i r o n m e n t s  p o s s e s s  t h e  d i s a d v a n t a g e  t h a t  a n y  s o l  
f r a c t i o n  i n  t h e  m a t e r i a l  ( s u c h  as  n e w l y  f o r m e d  c o l l a g e n ,  l o w  
m o l e c u l a r  w e i q h t  po l .ymers ,  i o n s ,  e t c . )  c a n  b e  l e a c h e d  o u t .  However,  
w i t h i n  t h e  e x p e r i m e n t a l  e r r o r s  i n v o l v e d  i n  t h e  m e a s u r e m e n t  o f  d r i e d  
s p e c i m e n s  ( s u c h  a s  b a l a n c e  w e i q h t  e r r o r s  f 0 . 0 1  mq, u n e v e n n e s s  i n  
t h e  c o n d i t i o n s  o f  t h e  d r i e r ,  i . e . ,  w e t n e s s  i n  t h e  s i l i c a  q e l ,  e t c . )  
w e  h a v e  n o t i c e d  t h a t  t h ?  s o l  f r a c t i o n  e x t r a c t e d  b y  i m m e r s i o n  i n  
water is l e s s  t h a n  a  few p e r c e n t a q e s .  T h i s  i s  shown b y  t h e  two 
e x a m p l e s  p r e s e n t e d  i n  T a b l e  5 .5 .  The l o w  e x t r a c t a b i l i t y  f r o n  t h e  
d i s c  s p e c i m e n s  ( w h i c h  a r e  i n  c o n t a c t  w i t h  b o d y  f l u i d s )  i s  i n  a g r e e -  
m e n t  w i t h  t h e  b i o c h e m i c a l  f a c t  t h a t  t h e r e  a r e  f e w  c e l l s  i n  t h e  
o l d  d i s c s  a n d  t h a t  t h e r e  i s  v e r y  l i t t l e  g r o w t h  i n  t h e m .  T h e r e f o r e ,  
i t  i s  e x p e c t e d  t h a t  t h e  s p e c i m e n s  c o n t a i n  o n l y  a  s m a l l  amount  
o f  new f o r m e d  o r  e x t r a c t a b l e  c o l l a q e n .  
L i q u i d  e n v i r o n ~ e n t s  c o n t a i n i n g  s a l t s  a l s o  h a v e  t h e  d i s a d v a n t a q e  
t h a t  t h e  s a l t s  o r  i t s  ions  can ~ a n e t r a t e  t h e  m a t e r i a l .  N i f l n i  
i n d i c a t e d  t h a t  this problev  may be s i q n i f i c a n t  o n l y  a t  r a t h e r  h i g h  
NaCl concen t r a t i ons  (Ref .  6 0 ) .  He a l s o  poined o u t  t h a t  a t  low s a l t  
c o n c e n t r a t i o n s  such i n t e r a c t i o n s  nay not  b e  p rob lemat ic  due t o  t h e  
f a c t  t h a t  s i m i l a r  i n t e r a c t i o n s  a r e  p r e sen t  i n  t h e  h u n a n  b o d y .  
Table 5 .5 .  H i s to ry  of  t h e  Two Specimens 
( 3 )  Other Environments. In order  t o  achieve t h e  d e s i r e d  
i n t e rmed ia t e  water c o n c e n t r a t i o n  (47% - 7 7 % )  t h e  fo l lowing  media 







( a )  - Nethanol-Water. - Methanol s w e l l s  t h e  speciqen 
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i s  l a r g e r  than 7 0 % .  I t  i s  unknown because t h e  swel l inq  was very  s l g w  
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Average weight of two 
measurements taken on 3/16 
-- 
Weight taken Qn 4/21 
rrr L, - 7 . 
Average weight of two 
measurements taken on 3/14 
-- 
Averagc welght of two 
measurements taken on 4/21 
s w e l l  i n q  a f t e r  a  week i n  t h i s  e n v i r o n m e n t .  F u r t h e r m o r e ,  m e t h a n o l  
v a p o r i z e d  q u i c k l y  a t  35 C w h i c h  m a k e s  i t  n o t  p r a c t i c a l  f o r  o u r  
r e s e a r c h .  
L i C l O  S o l u t i o n .  S i n c e  L i  i s  o n e  o f  t h e  s t r o n q e s t  ( b )  -.4- 
c a t i o n s ,  i t  seemed  a s  a p r o o e r  s o l u t e  t o  d r o p  t h e  o s m o t i c  p r e s s u r e  
o f  t h e  w a t e r  i n  t h e  s o l u t i o n ,  t h e r e f o r e  d r y i n g  t h e  s p e c i m e n .  T h e  
s p e c i m e n  was p l a c e d  i n  a s o l u t i o n  c o n t a i n i n q  t h i s  s a l t  a t  a  n e a r  
s a t u r a t i o n  l e v e l .  However ,  t h e  s w o l l e n  s p e c i m e n  s h o w s  a  s t r a n g e  
a p p e a r a n c e ,  l i k e  i t  h a s  b e e n  c r o s s - l i n k e d  e v e n  f u r t h e r  t h a n  i t s  
i n i t i a l  s t a t 2  ( a  t a n n i n g  e f f e c t ) .  T h i s  e f f e c t  a ~ p e a r e d  i r r e v e r s i b l e .  
We d e q o n s t r a t e d  t h i s  b y  i m m e r s i n g  t h e  s n e c i m e n  i n  p u r e  w a t e r  f o r  
a  w e e k ,  a n d  n o t i c e d  t h a t  i n  t h i s  t i m e  i n t e r v a l  n o  c h a n g e  was 
o b s e r v e d .  The  p o s s i b l e  r e a s o n s  f o r  t h i s  " t a n n i n g "  e f f e c t  nay b e  
d u e  t o  t h e  C 1 0 4  a n i o n  s i n c e  o t h e r  p e r c h l o r a t e s  p r o d u c e  s i m i l a r  
t a n n i n g  e f f e c t  , a s  N i n n i  p o i n t e d  o u t  ( R e f .  6 0 ) .  
( c )  C h o n d r o i t i n  S u l f a t e  S o l u t i o n .  T h i s  c h e m i c a l  i s  a 
--------- 
.- 
r?oiy( , [er  der  iva 'ce  or' m u c o p o i v s a c c n a r  i d e s .  Our e x p e r i m e n t  w i t h  
3 3 c j r /10  cc s o l u t i o n  showed t h a t  t h e  s p e c i m e n  s w e l l s  a p p r e c i a b l y  
a n d  a b s o r b s  m o r e  t h a n  75% w a t e r .  T h i s  s o l u t i o n  i s  v e r y  v i s c o u s ,  
a n d  i s  d i f f i c u l t  t o  u s e  f o r  m e c h a n i c a l  t e s t i n q .  T h e r e f o r e ,  we 
j u d q e d  i t  n o t  g r a c t i c a l  f o r  o u r  w o r k .  
( d )  O t h e r s .  I n  t h e  n e a r  f u t u r e  we p l a n  t o  s t u d y  t h e  
f o l l o w i n q  e n v i r o n m e n t s :  
G l y c e r i n  a n d  d i a e t h y l  s u l f o x i d e  w h i c h  w e r e  s u a q e s t e d  by Ninmi  
i n  a p r i v a t e  c o m m u n i c a t i o n  ( R e f .  6 0 ) .  
S i l i c o n e  o i l  a n d  w a t e r  s a t u r a t e d  s i l i c o n e  o i l  w h i c h  w a s  
s u g q e s t e d  b y  S i l v e r b e r g  b a s e d  o n  work d o n e  by  W i t a h e l m  ( R e f .  6 1 ) .  
5-34  
These  s i l i c o n e  o i l  b a s e d  e n v i r o n m e n t s  w i l l  b e  u s e d  f o r  m e c h a n i c a l  
t e s t i n g  u n d e r  n o n - e q u i l i b r i u n  c o n d i t i o n s .  
2 )  --- The U n c o n t r o l l e d  E n v i r o n m e n t  -- A p p r o a c h .  --- I n  t h i s  
c a s e ,  i n i t i a l l y  t h e  s p e c i m e n  i s  n o t  i n  e q u i l i b r i u m  w i t h  i t s  
e n v i r o n m e n t .  T h e r e f o r e ,  i t s  i n i t i a l  w a t e r  c o n c e n t r a t i o n  i s  n o t  
f i x e d  ( b y  t h e  e n v i r o n m e n t )  a n d  c a n  b e  f r e e l y  c h o s e n  p r o v i d e d  t h a t  
i t  i s  b e l o w  t h e  s a t u r a t i o n  l e v e l .  I n  t h e  time i n t e r v a l  o f  i n t e r e s t  
( t h e  t e r n  "time o f  i n t e r e s t "  ;nay i n c l u d e  t h e  time t o    lace the 
s p e c i m e n  f o r  t e s t i n g ,  t h e  t e s t i n g  t ime ,  t h e  r e l a x a t i o n  t ime b e t w e e n  
e x p e r i m e n t s ,  t h e  r e p e t i t i o n  o f  t h e  t e s t s ,  e t c . )  a c h a n g e  i n  t h e  
w a t e r  c o n t e n t  o f  t h e  s p o c i m e n  rn2v be o b s e r v e d .  I f  t h i s  c h a n g e  
i s  s u c h  t h a t  n o  v a r i a t i o n  i n  t h e  m e c h a n i c a l  p r o p e r t i e s  i s  d e t e c t a b l e  
( i . e . ,  d u e  t o  d r y i n g  o f  t h e  s o e c i m e n ) ,  w e  c a n  c o n s i d e r  t h e  s y s t e n  
t o  b e  a p p r o x i m a t e l y  c l o s e d .  The minimum t i n e  r e a u i r e d  t o  b e  a b l e  
t o  d e t e c t  s u c h  c h a n g e s  i n  t h e  ~ r o o e r t i e s  d e p e n d s  t h e n  o n  t h e  
i n t e r a c t i o n  b e t w e e n  t h e  m e c h a n i c a l  p r o p e r t i e s  a n d  t h e  e n v i r o n a e n t  
a s  well  a s  t h e  p r e c i s i o n  o f  t h e  m e c h a n i c a l  t e s t  and t h e  s p e e d  
o f  t h e  d i f f u s i o n  p r o c e s s .  However,  t h e  i n t e r a c t i o n s  b e t w e e n  t h e  
m e c h a n i c a l  p r o p e r t i e s  and  t h e  e n v i r o n m e n t  a r e  f i x e d  f o r  a g i v e n  
m a t e r i a l .  T h e r e f o r e ,  w e  c a n  e x t e n d  t h e  d e s i r e d  t i n e  i n t e r v a l  a s  
f o l l o w s  : 
* By s e t t i n g  a l o w e r  a c c u r a c y  f o r  o u r  m e c h a n i c a l  d a t a .  
We e s t i m a t e  t h a t  o u r  e r r o r  w i l l  b e  a  f e w  p e r c e n t  and 
w e  d o  n o t  d e s i r e  t o  i n c r e a s e  i t .  
* By a l t e r i n g  t h e  d i f f u s i o n  p r o c e s s .  T h a t  i s ,  by c h a n g i n q  
t h e  f l o w  p a t t e r n  o f  t h e  m o i s t  a i r  f rom t h e  b u l k  o f  t h e  
e n v i r o n q e n t  t o  t h e  s u r f a c e  o f  t h e  s p e c i n e n  a n d  v i c e  v e r s a  
o r  by c h a n g i n g  t h e  medium i n  w h i c h  t h e  s p o c i - n e n  
i s  i n  ( w h i c h  t h e n  becomes  a c o n t r o l l e d  e n v i r o n m e n t  
e x p e r i m e n t )  . 
We d i s c u s s  next two e x p e r i ~ e n t s  p e r f o r a e d  u n d e r  u n c o n t r o l l e d  
e n v i r o n n e n t a l  c o n d i t i o n s .  
( 1 )  - The R e p r o d u c i b i l i t y  o f  S h o r t  - D u r a t i o n  E x p e r i m e n t s .  -- 
G a l a n t e  o e r f o r a e d  a  s h o r t - d u r a t i o n  l o a d i n q - u n l o a d i n q  e x p e r i m e n t  
( less  t h a n  o n e  m i n u t e )  o n  a s p e c i m e n  o f  1 mm o r  2 rnrn t h i c k n e s s  
i m m e d i a t e l y  a f t e r  t h e  snec i rnen  was o b t a i n e d  f r o m  t h e  d i s c  ( R e f .  1 0 ) .  
Then h e  w a i t e d  f o r  some time ( e i t h e r  1 0  m i n u t e s  o r  30 m i n u t e s )  f o r  
t h e  w a t e r  t o  d i f f u s e  o u t  o f  t h e  s p e c i m e n  a n d  r e p e a t e d  t h e  same 
l o a d i n s - u n l o a d i n g  e x p e r i m e n t s .  H e  o b s e r v e d  t h a t  t h e  e x p e r i m e n t s  
p e r f o r m e d  w i t h i n  t h e  time i n t e r v a l  o f  1 0  m i n u t e s  w e r e  r e p r o d u c i b l e .  
On t h e  o t h e r  h a n d ,  e x p e r i m e n t s  p e r f o r m e d  w i t h i n  t h e  time i n t e r v a l  
o f  3 0  n i n u t z s  w e r e  n o t  r e p r o d u c i b l e .  From t h e s e  e x p e r i m e n t s  o n e  
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b e  c o n s i d e r e d  a.s c l o s e d  f o r  t h e  time i n t e r v a l  0 n i n  < t 5 1 0  m i n .  
( 2 )  - D e t e c t i n g  --- Abnormal R e l a x a t i o n  --- B e h a v i o r .  We h a v e  
u s e d  t h i s  me thod  a t  room c o n d i t i o n s  f o r  a  m u l t i - l a m e l l a  s p e c i m e n  
o f  i r r e g u l a r  q e o q e t r y  o b t a i n e d   fro^ t h e  a n t e r i o r  c i r c u q f e r e n t i a l  
s e c t i o n  ( A C )  a n d  f o u n d  t h a t  c l o s e d  s y s t e m  c o n d i t i o n s  were a c h i e v -  
a b l e  f o r  times u p  t o  two m i n u t e s  ( s ee  F i q u r e  5 . 1 5 ) ,  t h e r e f o r e  
c o n £  i r m i n g  G a l a n t e ' s  o b s e r v a t i o n  ( R e f .  1 0 ) .  T h i s  u n c o n t r o l l e d  
e n v i r o n i n e n t  r e l a x a t i o n  p r o c e d u r e  e n a b l e d  u s  t o  o b t a i n  t h e  r e l a x a t i o n  
d a t a  shown i n  F i q u r e  5 . 1 5  w h i c h  c o v e r s  a n a r r o w  e x p e r i m e n t a l  window 
a p p r o x i m a t e l y  10-2 min  t o  1 9  m i n ) .  The l o w e r  l i m i t  i s  d u e  t o  
INSTRON l i m i t a t i o n s .  I n  o r d e r  t o  e x t e n d  t h i s  e x p e r i m e n t a l  t i m e  
window t o  s h o r t e r  t i m e s ,  a n o t h e r  m e c h a n i c a l  q r o c e d u r  e ( i .e . , 
d y n a n i c  t e s t i n g )  i s  needed .  
F i g u r e  5.15. R e l a x a t i o n  Data  f o r  E x t e r i o r  Lamella  
C o n c l u s i o n s  and D i s c u s s i o n  on  t h e  S w e l l i n g  o f  t h e  Annulus 
F i b r o s u s  
We now summarize o u r  e x ~ e r  i m e n t a l  f i n d i n q s  d e s c r i b e d  i n  
p r e v i o u s  p a r a q r a p h s  and  s p e c u l a t e  a b o u t  t h e i r  s i q n i f i c a n c e .  These  
c o n c l u s i o n s  a r e  no more t h a n  e d u c a t e d  g u e s s e s  s i n c e  o n l y  l i m i t e d  
d a t a  i s  a v a i l a b l e  t o  d a t e .  T h e r e f o r e ,  f u r t h e r  work i s  needed f o r  
t h e i r  v e r i f i c a t i o n .  
(1)  The S w e l l i n g  o f  t h e  T o t a l  Disc i s  M a i n l y  i n  t h e  
--------------------------.-------A- 
D i r e c t i o n  o f  t h e  S p i n a l  A x i s .  We o b s e r v e d  t h a t  t h e  s p e c i m e n  f r o s  
---.----- ----- ----- 
t h e  a n n u l u s  f i b r o s u s  c o n s i s t i n q  o f  a  t r i p l e  l a m e l l a  d i d  n o t  s w c l l  
o r  s w e l l e d  v e r y  l i t t l e  i n  t h e  l e n q t h  d i r e c t i o n  c o m p a r e d  t o  t h e  
s w e l l i n g  i n  t h e  w i d t h  and t h i c k n e s s  d i r e c t i o n s  ( S e e  T a b l e  5 . 3 ) .  
T h i s  c o r r e s p o n d s  t o  a n  a l m o s t  z e r o  q r o w t h  i n  t h e  d i s c  c i r c u m f e r n n c e .  
The mechan i sm b y  w h i c h  s u c h  s w e l l i n q  a n i s o t r o p y  i s  o b t a i n e d  i s  
p r o b a b l y  d u e  t o  a p a r t i c u l a r  b a l a n c e  b e t w e e n  t h e  s w e l l i n g  a b i l i t y  
o f  t h e  m a t r i x  and  t h e  f i b e r s ,  a s  well a s  i t  m a y  3 e p e n d  o n  t h e  
d i r e c t i o n  o f  t h e  f i b e r s  i n  t h e  l a m e l l a e .  I n  o r d e r  t o  u n d e r s t 3 n d  
t h i s  mechan i sm,  f u r t h e r  work i s  r e q u i r e d  ( i . e . ,  s w e l l i n q  e x 7 e r i r n e n t s  
u s i n g  t h e  t o t a l  d i s c  a n d  c o n p u t e r  s i m u l a t i o n  b a s e d  o n  t h e  t h e o r y  
o f  s w e l l i n q  o f  a n g l e - p l y  l a q i n a t e d  c o n p o s i t e  ~ a t e r i a l s ) .  
We r e m a r k  h e r e  t h a t  t h i s  i n h o n o q e n e o u s  s w e l l i n g  o f  t h e  
a n n u l u s  r e d u c e s  t h e  r a d i a l  s t resses  a t  t h e  c o n t a c t  p o i n t s  o f  t h e  
d i s c  w i t h  t h e  v e r t e b r a l  b o d y  ( e n d  e f f e c t ) .  I t  a l s o  r e d u c e s  a n y  
e x t r a  b u l g e  o f  t h e  d i s c  d u e  t o  s w e l l i n g .  Bo th  e f f e c t s  would  b e  
p r e s e n t  i f  t h e  d i s c ' s  m a t e r i a l  was i s o t r o n i c .  The r e d u c t i o n  o f  
t h e s e  r a d i a l  s t r e s s e s  a n d  b u l q e s  may b e  o n e  o f  t h e  r e a s o n s  th2 . t  
d i s c  h e r n i a t i o n s  d o  n o t  o c c u r  e a s i l y  d u r i n g  t h e  n o r n a l  o p e r a t i o n  
o f  t h e  d i s c .  
T h i s  f i n d i n u  s e e m s  t o  b e  c o n s i s t e n t  w i t h  D e P u k e y ' s  o b s e r -  
v a t i o n  t h a t  t h e  a v e r a q e  p e r s o n  i s  o n e  p e r c e n t  s h o r t e r  a t  t h e  e n d  
o f  t h e  d a y  when compared  t o  t h e  body  l e n g t h  i n  t h e  m o r n i n g  o n  
f i r s t  r i s i n g  ( R e f .  2 7 ) .  T h i s  v a r i a t i o n  was  a t t r i b u t e d  t o  c h a n q e s  
i n  t h e  d i s c ' s  h e i g h t  w h i c h  c o u l d  b e  d u e  e i t h e r  t o  a  n a t u r a l  c r e e p  
and c r e e p - r e c o v e r y  o f  i t s  a e c h a n i c a l  s v s t e m ,  o r  t o  a w a t g r  
v a r i a t i o n  i n  t h e  d i s c  m a t e r i a l ,  o r ,  a s  i t  i s  m o r e  p r o b a b l e ,  a  
c o m b i n a t i o n  o f  b o t h .  
T h i s  r e s u l t  i s  e x p e c t e d  f r o m  p h y s i c 3 1  q r o u n d s  i f  o n e  c o n s i d e r s  t h a t  
t h e  m o l e c u l e s  i n  t h e  f i b e r s  a r e  p a c k e d  more  c l o s e l y  t h a n  i n  t h e  
m a t r i x .  A l s o ,    he no me no logically t h e  m o d u l u s  a l o n q  t h e  f i b e r s  i s  
h i q h e r  t h a n  i n  t h e  m a t r i x .  I n  a d d i t i o n ,  t h e  n a t r i x  i s  more  h v d r o -  
p h y l i c  t h a n  t h e  f i b e r s  t h e r e f o r e ,  t h e  s w e l l i n q  a l o n q  t h e  f i b e r s  
I 
s h o u l d  be l e s s  t h a n  t h e  a v e r a q e  s w e l l i n q  o f  t h e  q a t e r i a l .  T h i s  
e x p e c t a t i o n  was c o n f i r m e d  b y  o u r  e x o e r i m e n t  a s  i t  i s  shown b e l o w .  
From t h e  s w e l l i n q  a n i s o t r o p y ,  t h e  s w e l l i n g  r a t i o  a l o n g  t h e  
d i r e c t i o n  o f  t h e  f i b e r s  c a n  b e  c a l c u l a t e d  a s  f o l l o w s :  
The a n g l e s  and  d i m e n s i o n s  o f  t h i s  s w o l l e n  s p e c i m e n  a r e  q i v e n  i n  
F i q u r e  5.16.  From t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  t h e  
D r e v i o u s  s e c t i o n ,  t h e  a v e r a g e d  s w e l l i n q  r a t i o s  o f  the specimen 
i n  s a l i n e  s o l u t i o n  e n v i r o n m e n t  w e r e :  R a r l ,  TiWs1.8. F u r t h e r -  
n o r e ,  i t  i s  known f rom t h e  l i t e r a t u r e ,  o r  a s  c o n f i r m e d  f rom o u r  
i n i c r o s c o p e  p i c t u r e s ,  t h a t  a / 2  E 3 0  , t h e r e f o r e  R/2 E6O . 
T h e  s w e l l i n q  r a t i o  a l o n q  t h e  f i b e r s  ( F f  = s w o l l e n  l e n q t h  
o v e r  d r y  l e n g t h  o f  t h e  f i b e r )  i s  g i v e n  b y :  
B a s a d  o n  t h e  g i v e n  v a l u e s  f o r  a a n d  R o n e  c a l c u l a t e s  Ff ~ 1 . 1 5 ,  3 
W 
v a l u e  w h i c h  i s  smaller t h a n  t h e  a v e r a q e d  l i n e a r  s w e l l i n q  i n  t h e  
s u r f a c e  o f  t h e  s p e c i n e n  J i R W  w h i c h  i s  1 . 3 4 .  T h i s  r e s u l t  i r n p l i s s  
t h a t  t h e  f i b e r  s w e l l s  l e s s  t h a n  t h e  m a t r i x .  
MATRIX 
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F i a u r e  5 . 1 6 .  D i r e c t i o n  o f  t h e  F i b e r s  i n  a  S w o l l e n  
C i r c u q f e r e n t i a l  S ~ e c i m e n  ( AC- type )  o f  two 
L a m e l l a e  ( W h e r e  wo i s  t h e  Drv  W i d t h ,  R 
i s  t h e  Dry L e n q t h ,  I$,; Rw a r e  t h e  s w e l ? i n q  
~ a t i 0 s  o f  t h e  L e n q t h  a n d  W i d t h  ~ e s p e c t i v e l y  
( 3 )  T h e r e  is  L i t t l e  o r  n o  F i b e r  I n t e r w e a v i n g  B e t w e e n  
----------------------.------- 
Lamallae i n  t h e  A n t e r i o r  A n n u l u s  F i b r o s u s  f o r  N o n d e g e n e r a t e d  E i s c s .  
.-- -- -.- --.- --------------- -- -.------ --- 
We n o t i c e d  t h a t  t h i s  was t r u e  i n  t h e  case o f  n o n d e q e n e r a t e d  d i s c s  
w h i l e  a p p r e c i a b l e  i n t e r w e a v i n g  w a s  o b s e r v e d  i n  t w o  c a s e s  o f  
d e g e n e r a t e d  d i s c s .  T h e s e  f a c t s  were o b v i o u s  d u r i n g  t h e  m i c r o -  
s u r g e r y  p e r f o r m e d  f o r  t h e  s p e c i m e n  p r e p a r a t i o n s .  T h i s  p r o b a b l y  
e x p l a i n s  some o f  t h e  swell i n q  c h a r a c t e r  i s t i c s  o f  s p e c i m e n s  taken 
f r o m  n o n d e q e n e r a t e d  d i s c s .  T h a t  i s ,  t h e  s w e l l i n g  r a t i o s  i n  t h e  
t h i c k n e s s  d i r e c t i o n  seem t o  b e  l a r g e r  t h a n  t h e  t h e  o n e  i n  t h e  
w i d t h  d i r e c t i o n .  
( 4 )  The  Water D i f f u s i o n  A c r o s s  t h e  A n n u l u s  F i b r o s u s  i s  
---------I---- ----  - - . - - _  .--___- 
S l o w .  T h i s  f  i n d i n q  f o l l o w s  f r o m  o u r  e x p e r  i l a e n t s  f o r  t r  i ~ l e - 1  a m e l l a e  
--- 
s p e c i m e n s  w h i c h  r e a c h  e q u i l i b r i u m  i n  a b o u t  o n e  h o u r .  T h e r e f o r e ,  
f o r  t h e  a n n u l u s  f i b r o s u s  w h i c h  c o n s i s t s  o f  1 2  o r  m o r e  l a m e l l a e ,  
t h e  w a t e r  d i f f u s i o n  p r o c e s s  i s  e x p e c t e d  t o  b e  r a t h e r  s l o w .  However, 
t h e  e x a c t  p r o p o r t i o n  o f  d i f f u s i o n  a l o n u  t h e  s p i n a l  a x i s  w i t h  
r e s p e c t  t o  t h e  d i f f u s i o n  i n  t h e  r a d i a l  d i r e c t i o n  i n  t h e  d i s c  
i s  unknown. T h i s  e x p e c t e d  a n i s o t r o p y  o f  d i f f u s i o n  i s  i m p o r t a n t  
f o r  t h e  u n d e r s t a n d i n q  o f  t h e  p r o c e d u r e  by w h i c h  w a t e r  m i q r a t e s  
i n  o r  o u t  o f  t h e  d i s c .  
5. D i s c u s s i o n  o n  t h e  E x p e r i m e n t a l  P r o c e d u r e s  a n d  t h e  E r r o r s  
I n v o l v e d  when M e a s u r i n g  t h e  Disc 's  M e c h a n i c a l  P r o p e r t i e s  
A f l o o r  mode l  INSTRON t e s t i n g  m a c h i n e  ( k o d e l  TTB) was u s e d  
i n  t h e s e  e x p e r i m e n t s .  The f o r c e  m e a s u r i n g  s y s t e m  u s e s  l o a d  ce l ls  
w i t h  a n  a c c u r a c y  o f  - +0.25 p e r c e n t  ( i n  f u l l  s c a l e ) ,  w h i c h  c o u l d  b e  
r e a c h e d  i f  t h e  i n t e r n a l  v o l t a u e  o f  t h e  b a t t e r y  was h e l d  a t  1 v o l t .  
T h i s  i n c r e a s e s  t h e  s t a b i l i t y  o f  t h e  r e c o r d e d  f o r c e .  T h i s  s t e p  
was  n e c e s s a r y  s i n c e  i t  i n c r e a s e s  t h e  s t a b i l i t y  o f  t h e  r e c o r d e d  
f o r c e  a n d  b e c a u s e  some d r i f t  was  n o t i c e d  i n  t h e  " b a l a n c e "  o f  t h e  
INSTRON. 
A n o t h e r  s o u r c e  o f  e r r o r  was  d u e  t o  t h e  e l e c t r o n i c s  o f  t h e  
INSTRON a n d  c o u l d  c a u s e  a  d r i f t  i n  t h e  " z e r o "  o f  t h e  r e c o r d e d  f o r c e .  
T h i s  e r r o r  was e l i m i n a t e d  by ~ e r i o d i c  z e r o  a d j u s t m e n t  a n d  b y  
c a l c u l a t i n q  t h e  c o r r e c t  z e r o  p o s i t i o n  f o r  e a c h  e x 9 e r i m e n t .  I t  was 
d o n e  b y  c h a n q i n q  t h e  s c a l e  o f  t h e  f o r c e  and  t h e n  by m a t c h i n g  t h e  
f o r c e  v a l u e s  i n  b o t h  s c a l e s .  I n  o u r  e x o e r i m e n t s  t h i s  e r r o r  was 
f o u n d  t o  b e  less t h a n  2 % .  The s p e e d s  o f  t h e  r e c o r d e r  c h a r t  w e r e  
c h e c k e d  a n d  f o u n d  i n  qood a g r e e m e n t  w i t h  t h e  s p e c i f i e d  o n e s .  
S i n i l a r  c h e c k s  were p e r f o r m e d  o n  t h e  r a n q e  o f  t h e  f o r c e  s w i t c h .  
The c r o s s h e a d  p r o v i d e s  a  c o n s t a n t  r a t e  o f  s p e c i m e n  d e f o r m a t i o n  
i n d e p e n d e n t  o f  t h e  l o a d ,  w i t h  s p e e d s  v a r y i n c r  f r o m  0 . 0 2  i n . / m i n .  t o  
20 i n . , / m i n .  However ,  t h z  s p e e d  o f  t h e  c r o s s h e a d  c a n 1  t b e  a c h i e v e d  
i n s t a n t a n e o u s l y ,  b e c a u s e  o f  i n e r t i a ,  t h e r e f o r e  t h e r e  i s  a l w a y s  a 
l a g  o f  t i n e  i n  t h e  r e s o o n s e .  T n i s  l a q  o f  t i n e  d e p e n d s  o n  t h e  
d e s i r e d  s p e o d  a n d  m a k e s  t h e  d a t a  f o r  t ( 0 . 0 1  m i n .  u s e l e s s .  T h e r e f o r e ,  
t h e  INSTRON w a s  r e s t r i c t e d  f o r  0 . 0 1  m i n . < t < 1 0 0 0  g i n .  The u p p e r  
limit i s  d u e  t o  t h e  d r i f t s  a l r e a d y  d i s c u s s e d .  
A p r o b l e m  t h a t  s h o u l d  b e  a v o i d e d  i s  t o  a c h i e v e  t h e  s a x i q u m  
p e n  s p e e d  ( f u l l  s c a l z  i n  1 . 5  s e c ) .  T h i s  p r o b l e m  c a n  b e  e l i m i n a t e d  
b y  2 P r o p e r  u s e  o f  t h e  f ~ r c e  r a n q e  s w i t c h .  
Tho I N S T R O N  t e s t e r  u s e d  i n  o u r  l a b o r a t o r y  was e q u i p p e d  w i t h  
a SEMCO e n v i r o n q e n t a l  c h a m b e r .  I n  t h i s  c h a m b e r  t h e  d r y  b u l b  t e m p e r -  
a t u r e  w a s  m e a s u r e d  u s i n q  a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  w h i c h  was 
k e p t  n e a r  t h e  s D e c i m e n  f o r  t h e  c a s e  o f  m o i s t - a i r  e n v i r o n a o n t  a n d  
i n  a  t i t a n i u m  w e l l  f i l l e d  w i t h  s i l i c o n e  o i l  i n  t h e  c a s e  o f  s a l i n e  
s o l u t i o n  e n v i r o n m e n t .  The  wet b u l b  t e m ~ e r a t u r e  was o b t a i n e d  b y  
w r a p p i n s  t h e  e n d  o f  a n o t h e r  c o ~ ~ e r - c o n s t a n t a n  t h e r m o c o u p l e  w i t h  3 
p i e c e  o f  w e t  c l o t h  w h i c h  w a s  k e p t  W P ~  b y  i m m z r s i n q  o n e  e n d  o f  t h e  
c l o t h  i n  a  c o n t 2 i n e r  f u l l  o f  w a t e r .  T h e  d r y  a n d  wet b u l b  t e m p e r a t u r e s  
o f  t h e  e n v i r o n m e n t  w e r e  k e p t  c o n s t a n t  ( d r y  bu1.b w i t h i n  - + . 2 ' ~  a n d  wet 
b u l b  w i t h i n  - t. 5 " ~ )  o v e r  t h e  d u r a t i o n  o f  t h e s e  e x p e r i n e n t s .  T h i s  was 
d o n e  b y  c i r c u l a t i n q  a i r  o f  d e s i r e d  c o n d i t i o n s  g e n e r a t e d  a n d  s t o r e d  
i n  t h e  TENNEY e n v i r o n m e n t a l  c h a m b e r .  T h e  l a r q e  c a p a c i t v  o f  t h i s  
e n v i r o n m e n t a l  c h a m b e r  a l l o w e d  f a s t  r e c o v e r y  i n  t h e  c h a n q e s  o f  t h e  
c o n d i t i o n s  w h i c h  o c c u r r e d  i n  t h e  s m a l l  SEMCO c h s m b e r  when i t s  d o o r  
was o o e n e d .  The t r a n s a i s s i o n  o f  t h e  m o i s t  a i r  f r o m  t h e  TENNEY t o  
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t h e  BEMCO chamber and back t o  TENNEY was a c h i e v e d  by P e a n s  o f  
a  P A R  b lower .  T h e  s u ~ p l y  l i n e s  were p l a s t i c  h o s e s  p r o p e r l y  
i n s u l a t e d  i n  o r d e r  t o  min imize  h e a t  t r a n s f e r  p r o b l e n s .  
The m o i s t  a i r  c u r r e n t  t r a n s m i t t e d  f r o x  t h e  TENNEY t o  t h e  
BEMCO chanbe r  h i t s  t h e  upper  g r i p  which h o l d s  t h e  s p e c i n e n  and 
t h e  w i r e  t h a t  c o n n e c t s  t h i s  g r i p  w i t h  t h e  l o a d  c e l l .  I t  produced  
s m a l l  o s c i l l a t i o n s  i n  t h e  f o r c e  r e s p o n s e .  Al thouqh t h e  e f f e c t  o f  
s u c h  o s c i l l a t i o n s  was s n a l l ,  i t  was min imized  b y  u s i n q  a p p r o p r i a t e  
b u f f e r s .  These o s c i l l a t i o n s  d i d  n o t  e x i s t  when s a l i n e  s o l u t i o n  
e n v i r o n m e n t s  were  u sed .  
From F i q u r e  5.17 one c a n  s e e  t h a t  t h e  d r y  and wet b u l b  
t e m p e r a t u r e  r e s p o n s e s  a s  w e l l  a s  t h e  f o r c e  r e s p o n s e  e x h i b i t  
o s c i l l a t o r y  b e h a v i o r .  F u r t h e r m o r e ,  o n e  c a n  s e e  t h a t  t h e  d r y  
b u l b  o s c i l l a t i o n s  had n e g l i g i b l e  e f f e c t  i n  t h e  f o r c e  r e s p o n s e  
t o  a s t e ~  f u n c t i o n  o f  s t r a i n  e x c i t a t i o n .  On t h e  o t h e r  h a n d ,  t h e  
wet b u l b  t e z g e r a t u r z  c s c i l l a t i c n s  a f f e c t e d  t h e  relaxation behavior  
r a t h e r  s i q n i f i c a n t l y .  The c o r r e s p o n d ~ n c e  between t h e  wet  b u l b  
t e m p e r a t u r e  and t h e  f o r c e  r e s p o n s e  o s c i l l a t i o n s  i s  c l e a r l y  deroon- 
s t r a t e d  i n  t h e  same f i g u r e .  We t h i n k  t h a t  t h e  f o r c e  o s c i l l a t i o n s  
were  due  t o  t h e  f a c t  t h a t  t h e  m o i s t u r e  v a r i a t i o n s  produced d i n e n -  
s i o n a l  c h a n g e s ,  which f o r  a spec imen h e l d  a t  c o n s t a n t  e l o n g a t i o n  
r e s u l t e d  i n  stresses i n  i t .  
S i n c e  t h e  a m p l i t u d e  o f  t h e s e  o s c i l l a t i o n s  was r a t h e r  h i g h ,  
we a t t e m p t e d  t o  r e d u c e  them b y  mod i fy inq  t h e  d r y  and wet  b u l b  
c o n t r a l l e r s  o f  t h e  TENNEY e n v i r o n m e n t a l  chamber .  However, this 
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F i q u r e  5 . 1 7 .  R a w  Data* f r o m  t h e  INSTRON R e c o r d e r  a n d  t h e  Dry 
a n d  Wet B u l b  M e a s u r e m e n t s  
q o d i f  i c a t i o n  d i d  n o t  r e d u c e  t h e m  s i q n i f  i c a n t l v .  T h e r e f o r e  s i n c e  
i n  o u r  d a t a  t h e s e  o s c i l l a t i o n s  w e r e  a l w a y s  p r e s e n t ,  ws h a d  t o  
u n c o u p l e  them f r o m  t h e  r e l a x a t i o n  d a t a .  We a c h i e v e d  t h a t  by 
c h o o s i n q  a s  t h e  s t a r t i n q  p o i n t  f o r  a l l  the e x p e r i m e n t s  t h e  l o w e s t  
p o i n t  o f  t h e  o s c i l l a t i o n  s i n c e  i n  t h e  n e i q h b o r h o o d  oE t h i s  ~ o i n t  
t h e  f o r c e  w a s  a p p r o x i m a t e l y  c o n s t a n t  o v e r  t h e  p e r i o d  o f  o n e  t o  
two m i n u t e s .  The  r e l a x a t i o n  c u r v e  was t h u s  c o n s t r u c t e d  by c o n n e c t i n q  
* F o r  m o r e  d e t a i l s  r e g a r d i n q  t h e  m e a n i n ?  o f  A,S,C,.. .,K,L, S e e  ---- A p p e n d i x  B 
t h e  l o w e s t  p o i n t s  o f  t h e  o s c i l l a t i o n s ,  keep inq  i n  mind t h a t  t h e  
a m p l i t u d e  o f  t h e  o s c i l l a t i o n s  was a l w a y s  a ~ p r o x i m a t e l y  c o n s t a n t .  
The u n c o u p l i n g  o f  t h e  o s c i l l a t i o n s  is  d e m o n s t r a t e d  i n  t h e  
F i g u r e  5.18 where t h e  uncoup led  r e l a x a t i o n  c u r v e  i s  shown b y  t h e  
d o t t e d  l i n e .  







I n  t h e  r e l a x a t i o n  c u r v e  c o n s t r u c t e d  i n  t h i s  way w e  t h i n k  
t h a t  t h e  bunp shown i n  F i g u r e  5 . 1 9  was a n  e x p e r i m e n t a l  e r r o r  ( n o t  
a r e a l  d a t a )  and i t  was d u e  t o  t h e  e x i s t e n c e  o f  t h e  o s c i l . l a t i o n s .  
I t  o c c u r r e d  i n  t h e  time i n t e v a l  from 1 . 5  rnin t o  20 m i n u t e s ,  i t s  
a m p l i t u d e  i s  p r o b a b l y  d u e  t o  t h o  i ~ n e r f e c t i o n  i n  t h e  a v e r a g i n g  
p r o c e d u r e  used and i t s  p o s i t i o n  depends  on t h e  f r e q u e n c y  o f  t h e  
o s c i l l a t i o n .  
I 
We o b s e r v e d  a l s o  t h a t  t h e  v o l u m e t r i c  c h a n g e s  d u e  t o  
s w e l l i n g  and d e s w e l l i n q  c q u s e d  b y  t h e  c h a n g e s  o f  t h e  e n v i r o n -  
n e n t a l  c o n d i t i o n s  produced  a t w i s t i n q  i n  t h e  s p e c i m e n ,  t h u s  
1.5 20 
t (min) 
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Figure  5.19. Re laxa t ion  Data with Bump 
caus ing  t h e  upper g r i p  t o  r o t a t e  w i t h  r e s p e c t  t o  t h e  lower one. 
This  r o t a t i o n  was ~ o s s i b l e  because of  t h e  f r e e  r o t a t i n q  h i n s e s  
which connected t h e  upper  grit3 w i t h  t h e  l o a d  c e l l .  We used the  
INSTRON crosshead displacement  s s  a  measure o f  t h e  specilnen's  
d i sp lacement .  Sinco t h e  specimen had a l a r q e  l e n g t h  and a snlall 
c r o s s  s e c t i o n a l  a r e a ,  i t  could  no t  wi ths tand compressive f o r c e s  
wi thout  bending o r  buck l ing .  This  bending was d e t e c t a b l e  5 y  a 
s imple  i n s p e c t i o n  and could  be avoided by e l i n i n a t i n g  a l l  com- 
p r e s s i v e  f o r c e s .  
Furthermore,  a l i q n a e n t  problems occurred a t  t h e  q r i p s .  We 
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minimized t h e n  by d e s i g n i n g  t h e  g r i n s  a p n r o p r i a t e l y .  P a r t  o f  t h e  
g r i p  w a s  made f r o q  p l e x i q l a s s  and i n  s u c h  a  wav s o  o n e  c a n  v iew 
t h e  ~ n d  o f  t h e  s p e c i n e n  a s  i t  was q r i p p e d .  F u r t h e r m o r e ,  a t  t h e  
c e n t e r  p o r t i o n  w e  had marks  t h a t  e n a b l e d  us  t o  a l i q n  t h e  specimen 
d u r i n g  m o u n t i n s .  The s u r f a c e  o f  t .he g r i n  i n  t h e  a r e a  where t h e  
spec imen was q r i p p e d  had been  s e r r a t e d  s o  t h a t  t h e  specimen w i l l  
n o t  s l i p .  However, t h i s  q r i ? p i n q  p r o c e d u r e  produced  a  s q u e e z i n g  
o f  t h e  specimen i n  t h e  ne i shborhood  o f  t h e  a r i ~ p i n q  a r e a  accommnied  
by some t w i s t i n a .  
We minimize  t h e  end e f f e c t s  o f  t h e  s t r e s s  d i s t r i b u t i o n  i n  
t h e  specimen by n a k i n g  i t  na r row (1 o r  2 m m .  wide v e r s u s  10-20 m m .  
l o n q )  and by keepinq  t h e  q r i p ~ i n q  a r e a  a s  s n a l l  a s  ~ o s s i b l e .  
An example o f  t h e  d i f f e r e n c e s  p o s s i b l y  d u e  t o  q r i p p i n q  
e f f e c t s  is shown i n  F i q u r e  5 . 2 7  and a  b r i e f  r e v i e w  o f  t h e  
l i t e r a t u r e  f o r  t h e  c a s e  o f  i s o t r o p i c  m a t e r i a l s  i s  q i v e n  i n  
R e f e r e n c e s  62-64 .  These i n v e s t i g a t o r s  c o n s i d e r e d  t h e  compres s ion  
o f  a p o k e r - c h i p  ( l a r q e  d i a m e t e r  c y l i n d e r )  and found  by a d e t a i l  
s t r e s s - s t r a i n  l i n e a r  e l a s t i c  a n a l y s i s  t h a t :  
(1) T h e  e n d - e f f e c t s  i n t r o d u c e d  by t h e  q r i p p i n q  d e ~ e n d  
on t h e  a s p e c t  r a t i o  ( d i a m e t e r / h e i q h t  f o r  c y l i n d e r s )  
and t h e  h i q h e r  t h e  a s p e c t  r a t i o  t h e  h i q h e r  t h e  
a p ~ a r e n t  modulus .  
( 2 )  T h i s  e n d - e f f e c t  i s  a f u n c t i o n  o f  t h e  P o i s s o n  
r a t i o ,  and i s  more i m p o r t a n t  f o r  i n c o m p r e s s i b l e  
o r  n e a r  i n c o m p r e s s i b l e *  (v = 0 . 4 9  t o  0 . 5 )  m a t e r i a l s .  
For t h e  u s e  o f  a n i s o t r o p i c  c o m p o s i t e s  o f  r e c t a n q u l a r  s h a p e ,  work 
h a s  been done  by Pagano and Ha lp in  ( Ref.  6 5  ) . 
*The d i s c  m a t e r i a l  is  n e a r l y  i n c o m p r e s s i b l e ,  t h e r e f o r e ,  t h e  end 
e f f e c t  is i m p o r t a n t ,  
S i n c e  w e  h a d  d i f f i c u l t i e s  i n  p r o d u c i n q  s p e c i m e n s  o f  a b s o l u t e l y  
u n i f o r m  t h i c k n e s s ,  t h e  c r o s s - s e c t i o n a l  a r e a  v a r i a t i o n s  p r o d u c e d  
some i n h o m o q e n o u i t y  i n  t h e  s t r e s s  a n d  s t r a i n  f i e l d s .  T h i s  e r r o r  
was  u n a v o i d a b l e ,  a n d  w e  h a d  t o  u s e  t h e  a v e r a q e  c r o s s - s e c t i o n  a r e a .  
F u r t h e r m o r e ,  some s i g n i f i c a n t  e r r o r s  i n  m e a s u r i n g  t h e  d i m e n s i o n s ,  
o r  more  s p e c i f i c a l l y  t h e  t h i c k n e s s  o f  t h e  s p e c i n e n ,  made t h e  
m e a s u r e m e n t s  o f  t h e  c r o s s  s e c t i o n  v e r y  d i f f i c u l t .  
A t  t h i s  p o i n t  w e  would  l i k e  t o  d i s c u s s  i n  some d e t a i l  
t h e  m e a s u r e m e n t  o f  t h e  d i m e n s i o n s  a n d  t h e  w e i g h t  o f  t h e  s ~ e c i m e n .  
The l e n g t h  a n d  w i d t h  were o b t a i n e d  b y  a  r u l e r  g r a d u a t e d  i n  
0 . 0 1 " .  The t h i c k n e s s  was  m e a s u r e d  w i t h  a m i c r o m e t e r  q r a d u a t e d  
i n  0 . 0 0 0 1 " .  When m e a s u r e m e n t s  o f  d r y  s p e c i m e n s  ---- w e r e  p e r f o r n e d ,  
t h e n  d u e  t o  t h e  b e n d i n q  a n d  t w i s t i n g  o f  t h e  s p e c i m e n ,  t h e  d i m e n s i o n s  
c o u l d  n o t  b e  o b t a i n e d  a c c u r a t e l y  ( e s t i m a t e d  e r r o r  : f o r  l e n s t h  
was - + 1%, f o r  c r o s s - s e c t i o n a l  a r e a  w a s  4 0 % $  f o r  w i d t h  was  - + l o % ,  
a n d  f o r  t h i c k n e s s  was - + 3 0  % ) .  For  a  wet s p e c i m e n  t h e  s i t u a t i o n  
----- 
was b e t t e r  ( e s t i m a t e d  e r r o r :  f o r  l e n q t h  was - + 1%, f o r  c r o s s - s e c t i o n a l  
a r e a  was 3 0 % ,  f o r  w i d t h  was - + 5%, a n d  f o x  t 5 i c k n e s s  was - + 2 5 % ) .  
The w e i g h t  was m e a s u r e d  w i t h  a p r e c i s i o n  m e c h a n i c a l  b a l a n c e  
c a l i b r a t e d  o n  0 . 1  n g r .  For  t h e  d r y  s?eci rnen t h e  e r r o r  was  g u e s s e d  
t o  b e  - + 2 % ,  f o r  t h e  w e t  s p e c i m e n  i t  was  - + 4 % ,  a n d  was  d u e  t o  t h e  
e x i s t e n c e  o f  d r o p s  i n  t h e  s u r f a c e  o f  t h e  s p e c i m e n  a n d  t o  d i f f u s i o n  
e f f e c t s .  
F u r t h e r m o r e ,  w e  s t u d i e d  b r i e f l y  t h e  p r o b l e m s  c a u s e d  b y  
t h e  s l i p p i n g  o f  t h e  s p e c i m e n  f r o m  t h e  m e c h a n i c a l  g r i p s .  When 
a n y  o f  t h e s e  p r o b l e m s  o c c u r r e d ,  i t  h a p p e n e d  v e r y  f a s t .  Therefore, 
it was e a s y  t o  d e t e c t  from t h e  f o r c e - t i m e  INSTRON r e c o r d e r .  I n  
o r d e r  t o  r e d u c e  t h e  d a n g e r  f o r  t h e  spec imen t o  s l i p  o u t  o f  t h e  
g r i p ,  and a t  t h e  same t i m e  min imize  t h e  c h a n c e  t o  c r e a t e  an  
inhomojeneous  s t r e s s - s t r a i n  field i n  i t ,  w e  had t o  u s e  specimens 
w i t h  a s p e c t  r a t i o s *  o f  1/5  t o  1/10.  However, w e  remark t h a t  f o r  
more a c c u r a t e  measurements  t h i s  a s p e c t  r a t i o  had t o  b e  r educed  
even f u r t h e r  . 
I n  a  r e l a x a t i o n  e x p e r i m e n t ,  i t  i s  c l e a r  t h a t  t h e  a p p l i e d  
s t r a i n  s t e p  f u n c t i o n  c a n n o t  be o b t a i n e d  e x p e r i m e n t a l l y .  A r e a s o n a b l e  
a p p r o x i m a t i o n  i s  a  ramp f u n c t i o n  w i t h  a n  i n i t i a l l y  h i q h  r a t e  
o f  l o a d i n g .  The r e s u l t i n g  r e s p o n s e  w i l l ,  o f  c o u r s e ,  d e v i a t e  
from t h a t  which would have  been  o b t a i n e d  i f  a  t r u e  s t e p  f u n c t i o n  
had been  imposed ( i n  t h e  a b s e n c e  o f  m a t e r i a l  i n e r t i a ) .  However, 
i t  c a n  b e  shown t h a t  t h e  two r e s p o n s e s  w i l l  d i f f e r  by  l e s s  t h a n  
1% f o r  times t ) 1 0 t f r  where t '  i s  t h e  t i m e  i t  t o o k  t o  a c h i e v e  
- 
t h e  c o n s t a n t  s t r a i n .  Thus,  m e a n i n q f u l  s t r e s s  r e l a x a t i o n  d a t a  
c a n  b e  t a k e n  a f t e r  l o t '  . 
We have  n o t i c e d  t h a t  when d i f f e r e n t  spec imens  were used  
t h e r e  was a n  a p p r e c i a b l e  s c a t t e r  i n  t h e  measured m e c h a n i c a l  d a t a .  
To r e d u c e  t h i s  s c a t t e r ,  w e  u s e d  t h e  same specimen f o r  a  v a r i e t y  
o f  t e s t s .  
Because  o f  t h e  v i s c o e l a s t i c  n a t u r e  o f  t h e  m a t e r i a l ,  t h e  
r e s p o n s e  o b t a i n e d  i n  a  g i v e n  e x p e r i m e n t  was a f f e c t e d  by  a n y  
p r e v i o u s  d e f o r m a t i o n .  I n  t h e  a b s e n c e  o f  any  permanent  change  
*Aspec t  r a t i o  i s  d e f i n e d  t o  b e  t h e  r a t i o  between t h e  a r e a  of  t h e  
s ~ e c i m e n  f i x e d  by  t h e  q r i p  o v e r  t h e  f o r c e  a r e a  o f  t h e  spec imen .  
i n  s t r u c t u r e  ( i  . e . ,  d u e  t o  o x i d a t i o n ) ,  t h e  l o n g e r  t h e  s p e c i m e n  
was i n  t h e  s t r e s s - f r e e  s t a t e  b e t w e e n  t w o  e x v c r i m e n t s ,  t h e  l e s s  
was  t h e  e f f e c t  c a u s s d  b y  t h e  p r e v i o u s  e x w e r i ~ e n t .  Two o r d e r i n g  
r u l e s  h a v e  b e e n  u s e d :  
1) t e s t s  r e q u i r i n g  s m ? l l e r  d e f o r m a t i o n s  w e r e  made b e f o r e  t h o s e  
i n  w h i c h  l a r g e r  d e f o r m a t i o n s  were a p p l i e d ;  
2 )  t e s t s  r e q u i r i n q  l o n q e r  t i n e s  w2re made b e f o r e  t h o s e  w h i c h  
e x t e n d  t o  s h o r t e r  times. 
F u r t h e r m o r e ,  t h e  t i m e  i n t e r v a l s ,  w h i c h  were a l l o w e d  b e t w e e n  
e x p e r i m e n t s ,  were n e v e r  l e s s  t h a n  f i v e  times t h e  d u r a t i o n  o f  
t h e  o r e v i o u s  z x p e r  i m e n t  . Under t h e s e  c i r c u m s t a n c e s ,  t h e  e f f e c t  
o f  t h e  ~ r e c e r f i n c j  e x p e r i m e n t  o n  t h e  n e x t  o n e  h a d  b e e n  f o u n d ,  f o r  
some r u b b e r y  m a t e r i a l s ,  t o  be w i t h i n  1% ( R e f .  3 4 ) .  
I n  a d d i t i o n  t o  t h e  p r e v i o u s l y  d i s c u s s e d  p r o b l e m s ,  damage 
( r u p t u r e )  a t  t h e  end o f  t h e  s p e c i m e n  may o c c u r .  T h i s  i s  c a u s e d  
b y  t h e  a o p l i e d  f o r c e  d u e  t o  a r i p p i n s  a n d  i t  i s  i m p o r t a n t  i f  
r epea ted  g r i p p i n s  i s  apolie3. qe maj: a l s o  h ~ v v c .  rl n C ~ i r n ~  All.? 
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t o  e x c e s s i v e  s t r a i n i n q .  W e  have r e d u c e d  t h e  p o s s i b i l i t y  o f  t h i s  
p r o b l e n  by a e r f ~ r m i n q  e x p e r i m e n t s  m o s t l y  a t  5 .5% s t r a i n  and  i n  
f e w  i n s t a n c e s  u s i n g  h i q h e r  s t r a i n s .  
he n o t i c e d  t h a t  some r u p t u r e  o f  t h e  s p e c i m e n  o c c u r r e d  when 
i t  was l e f t  f o r  a  v e r v  l o n q  time ( o v e r  a  w e e k )  i n  d e i o n i z e d  w a t e r .  
We o b s e r v e d  t h a t  i n  t h i s  e n v i r o n m e n t  t h e r e  were s i n a l l  s t r a n d s  o f  
t n e  s p e c i m e n ' s  n a t e r i a l  w h i c h  h a d  been  s e p a r a t e d  f r o m  t h e  s p e c i m e n .  
We s u s p e c t  t h a t  t h i s  was d u e  t o  a r u ~ t u r e  c a u s e d  by e x c e s s i v e  
s w e l l i n g  o f  t h e  n a t e r i a l  m a t r i x .  T h i s  r u p t u r e  c o u l d  b e  c 3 u s e d  b y  
l a r g e  i n t e r n a l  s t r e s s e s  which d e v e l o p e d  d u r i n q  s w e l l i n g .  We 
minimized  t h i s  p roblem by m a i n t a i n i n g  o u r  s ~ e c i m e n s  i n  s a l i n e  
s o l u t i o n s  o f  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n ,  t h u s  r e d u c i n g  swell i n q  . 
Biochemica l  c h a n g e s  t h a t  l e d  t o  a n  a u i n q  o f  t h e  specimen 
d u r i n g  t h e  e x p e r i m e n t s  have  been  o b s e r v e d .  These c h a n q e s  were 
p r o b a b l y  c a u s e d  by  v a r i o u s  t y p e s  o f  c h e n i c a l  r e a c t i o n s ;  however ,  
w e  t h i n k  t h a t  o x i d a t i o n  ( c h a n g e  i n  c o l o r )  was t h e  n o s t  p r o b a b l e  
s o u r c e .  We found t h a t  o x i d a t i o n  o c c u r r e d  o n l y  a f t e r  p ro lonqed  
0 
e x p o s u r e  t o  h i g h  t e m p e r a t u r e s  ( 4 2 1 4 9  C )  i n  m o i s t  a i r  e n v i r o n m e n t .  
No o t h e r  c h a n g e s  were n o t i c e d  e i t h e r  i n  m o i s t  a i r  ( b e l o w  4 2 " ~ )  
o r  i n  s a l i n e  s o l u t i o n  (60-300 3 r  NaC1/1000 c c  s o l u t i o n ) .  I t  i s  
p o s s i b l e  t h a t  b i o c h e m i c a l  c h a n q e s  may o c c u r  i n  s a l i n e  s o l u t i o n s  
( a t  h i g h  c o n c e n t r a t i o n s  o f  NaC1) due t o  p e n e t r a t i o n  o f  s a l t  
i n t o  t h e  spec imen b u t  w e  have  n o t  o b s e r v e d  s u c h  e f f e c t s .  
6 .  R e s u l t s  From t h e  R e l a x a t i o n  E x ~ e r i m e n t s  and D i s c u s s i o n  
We p r e s e n t  h e r e  r e s u l t s  o b t a i n e d  from t h e  mechan ica l  t e s t i n q  
o f  spec imens  t a k e n  from t h e  a n n u l u s  f i b r o s u s .  The f o l l o w i n g  t y p e s  
o f  spec imens  and e n v i r o n m e n t a l  c o n d i t i o n s  have  been  used :  
( a )  I r r e g u l a r  spec imen from t h e  a n n u l u s  f i b r o s u s  i n  a i r  
a t  room e n v i r o n m e n t a l  c o n d i t i o n s  
( b )  S i n g l e  l a m e l l a  spec imen i n  m o i s t  a i r  e n v i r o n a e n t  
( c )  T r i p l e  l a m e l l a  spec imen i n  s a l i n e  s o l u t i o n  env i ronmen t  
( d )  T r i p l e  l a m e l l a  s ~ e c i m e n  i n  m o i s t  a i r  env i ronmen t  
F u r t h e r m o r e ,  w e  r e p o r t  h e r e  s o n e  p r e l i m i n a r y  r e s u l t s  o b t a i n e d   fro^ 
a n  i r r e g u l a r  spec imen t a k e n  from t h e  n u c l e u s  p u l p o s u s  and t e s t e d  i n  
a i r  a t  room e n v i r o n m e n t a l  c o n d i t i o n s .  
I r r e g u l a r  Snec imen  i n  A i r  a t  Room E n v i r o n n s n t a l  C o n d i t i o n s  
9 number o f  s h o r t  d u r a t i o n  (-10 q i n . )  r e l a x a t i o n  e x p e r i m e n t s  
h a v e  b e e n  p e r f o r m e d  u s i n q  a  w e t  m u l t i - l a m e l l a  s p e c i a e n  o f  i r r e q u l ? r  
q e o m e t r y  o b t a i n e d  f rom t h e  a n t e r i o r  c i r c u m f e r e n t i a l  s e c t i o n .  T h e s e  
e x p e r i m e n t s  w e r e  p e r f o r m e d  u n d ~ r  u n c o n t r o l l e d  e n v i r o n m e n t a l  c o n d i t i o n s  
( i . e . ,  t h e  w a t e r  c o n t e n t  o f  t h e  s p e c i m e n  was d e c r e a s i n q  q r a d u a l l y )  
u s i n g  t h e  same s D e c i a e n ,  t h e  same q r i p p i n q  and t h e  same s t e o  
e x c i t a t i o n  o f  t e n s i l e  s t r a i n  ( 4 % ) .  F i g u r e  5 . 1 5  s h o w s  t h e  s t r e s s  
r e l a x a t i o n  r e s p o n s e  t o  t h i s  e x c i t a t i o n  a s  a f u n c t i o n  o f  t i m e  
f o r  f o u r  s u c h  e x p e r i ~ e n t s .  However ,  f r o m  t h i s  r e l a x a t i o n  r e s p o n s e  
o n l y  d a t a  o b t a i n e d  i n  t h e  f i r s t  two m i n u t e s  were u t i l i z e d  f o r  t h e  
c o n s t r u c t i o n  o f  t h e  m a s t e r  r e l a x a t i o n  c u r v e .  T h i s  was  d u e  t o  t h e  
f a c t  t h a t  t h e  s p e c i m e n  s t a r t e d  t o  d r y  a t  a b o u t  two  m i n u t e s  ( s ee  
t h e  u p s w i n g s  i n  F i g u r e  5 . 1 5 )  f r o m  t h e  time o f  i n p o s i t i o n  o f  e a c h  
s t e p  o f  s t r a i n .  
I t  was o b s e r v e d  t h a t  t h e  c h a n g e s  w h i c h  t h e  w a t e r  v a r i a t i o n s  
p r o d u c e d  i n  t h e  d i s c  m a t e r i a l  were s i a i l a r  t o  t h e  e f f e c t  c a u s e d  
by s o l v e n t s  i n  s y n t h e t i c  p o l y m e r s .  I n  t h i s  case t h e  s o l v e n t  
c o n t e n t  e f f e c t i v e l y  c h a n q e s  t h n  g l a s s  t r a n s i t i o n  t e m p e r a t u r e *  o f  
t h e  m a t e r i a l .  A s  a  r e s u l t ,  t h e  t ime d e p e n d e n c e  o f  t h e  m e c h a n i c a l  
b e h a v i o r  was  c h a n q e d .  T h i s  s i m i l a r i t y  was  u s e d  t o  c r e a t e  t h e  
m a s t e r  r e l a x a t i o n  c u r v e  shown i n  F i q u r e  5.20. 
* T e m p e r a t u r e  b e l o w  w h i c h  t h e  t h e r m a l  m o t i o n s  o f  t h e  ? o l y r n e r i c  
m o l e c u l ~ s  e s s e n t i a l l y  c e a s e .  
From t h e s e  d a t a  ( F i g u r e  5 . 1 5 )  w e  o b s e r v e d  that t h e  v i s c o -  
e l a s t i c  m e c h a n i c a l  p r o p e t i e s  of t h e  s p e c i m e n  w e r e  s e n s i t i v e  t o  
i t s  w a t e r  c o n t e n t .  F u r t h e r m o r e ,  t h e s e  d a t a  i n d i c a t e d  t h a t  t h i s  
u n c o n t r o l l e d  e n v i r o n m e n t  a p p r o a c h  c a n  b e  u s e d  t o  o b t a i n  a m a s t e r  
r e l a x a t i o n  c u r v e .  I ts  a d v a n t a q e  i s  t h a t  t h e  w a t e r  c o n t e n t  c a n  
b e  f r e e l y  c h o s e n .  However,  i f  t h i s  a p p r o a c h  i s  t o  b e  u t i l i z e d  
i n  a n y  f u t u r e  w o r k ,  a n  a c c u r a t e  c a l i b r a t i o n  o f  t h e  s p e c i m e n ' s  
w a t e r  c o n t e n t  a s  a f u n c t i o n  of time is  n e c e s s a r y .  
b .  S i n g l e  L a m e l l a  S p e c i a e n  i n  M o i s t  A i r  E n v i r o n m e n t  
I n  t h e s e  e x p e r i x e n t s  a s i n q l e  l a r n e l l a  s p e c i m e n  o f  o r t h o q o n a l  
p a r a l l e l e p i p e d  s h a p e  o b t a i n e d  f r o q  t h e  a n t e r i o r  c i r c u m f e r e n t i a l  
s e c t i o n  ( A C )  o f  t h e  a n n u l u s  f i h r o s u s  was u s e d  ( F i q .  5 . 8 ) .  The 
s p e c i m e n  was f i r s t  d r i e d ,  w e i q h e d  a n d  s u b s e q u e n t l y  p l a c e d  i n s i d e  
t h e  m o i s t  a i r  c o n t r o l l e d  e n v i r o n m e n t  o f  t h e  BEMCO e n v i r o n m e n t a l  
chamber  u n t i l  e q u i l i b r i u n  was  r e a c h e d .  Then  t h e  d i m e n s i o n s  and  
t h e  w e i q h t  o f  t h e  s s e c i m e n  w e r e  o b t a i n e d .  
Three  s e t s  o f  s i m p l e  t e n s i o n  r e l a x a t i o n  e x o e r i n e n t s  were 
p e r f o r m e d ,  a t  v a r i o u s  s t r a i n s  and e n v i r o n m e n t a l  c o n d i t i o n s ,  by 
p u l l i n q  t h e  same specimen i n  t h e  l e n q t h  ( c i r c u m f e r e n t i a l )  c l i r e c t i o n .  
Each o n e  o f  t h e  f i r s t  two se t s  ( F i q u r e s  5 . 2 1  and 5 . 2 3 ( a )  was 
o b t a i n e d  by u s i n g  t h e  same q r i p p i n q  ( f o r  e a c h  s e t )  and t h e  s a q e  
e n v i r o n m e n t a l  c o n d i t i o n s ,  b u t  v a r y i n q  t h e  s t r a i n s .  The t h i r d  
s e t  was pe r fo rmed  by u s i n g  t h e  same g r i m i n s s ,  b u t  v a r y i n g  t h e  
e n v i r o n m e n t a l  c o n d i t i o n s  and t h e  s t r a i n s  t o o .  However, s i n c e  
f o r  e a c h  se t  w e  r e g r i p p e d  t h e  s p e c i m e n ,  w e  i n t r o d u c e d  l a r g e  e r r o r s  
i n  t h e  a b s o l u t e  v a l u e  o f  t h e  r e l a x a t i o n  d a t a .  
F i q u r e  5 . 2 1  p r e s e n t s  r e f i n e d  d a t a  ( a l l  t h e  known e r r o r s  
have been  a p p r o p r i a t e l y  i n c o r p o r a t e d )  o b t a i n e d  f r o q  t h e  f i r s t  
s e t  o f  e x p e r i m e n t s .  
We o b s e r v e d  ( F i g u r e  5 . 2 1 )  t h a t  s i n c e  t h e s e  c u r v e s  a r e  
p a r a l l e l  t h e  time and s t r a i n  e f f e c t s  c a n  be  s e p a r a t e d .  
T h i s  i m p l i e s  t h a t  t h e  time d e p e n d e n t  b e h a v i o r  o f  t h e  m a t e r i a l  f ( t )  
i s  i n d e p e n d e n t  o f  t h e  a p p l i e d  s t r a i n  ( R e f s .  37 and 6 6 ) .  However, 
b e c a u s e  o f  e x p e r i m e n t a l  e r r o r s  ( v i a i n l y  q r i o p i n q )  and d i f f i c u l t i e s  
i n  t h e  c r o s s - s e c t i o n a l  a r e a  m e a s u r e ~ e n t s ,  o n l y  t h e  s h a p e  o f  f ( t )  
c a n  b e  o b t a i n e d  a c c u r a t e l y  f r o n  t h e  l o g  ( s t r e s s )  v e r s u s  l o q  ( t i a e )  
p l o t  and n o t  i t s  a b s o l u t e  v a l u e .  F u r t h e r m o r e ,  a g a i n  d u e  t o  t h e  
g r i p p i n q  e r r o r s ,  t h e  r e f e r e n c e  s t a t e  ( o  = 0 ,  E = 0 )  c o u l d  n o t  be  
d e t e r m i n e d  a c c u r a t e l y .  C o n s e a u e n t l y ,  t h e  d e t e r m i n a t i o n  o f  rj ( E )  
i n v o l v e s  a l a r g e  e r r o r .  
RELAXATION DATA -MOIST AIR ENVIRONMENT 
HUMAN INTERVERTEBRAL DISC (LdL5) 
SINGLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION FROM 
THE ANNULUS FIBROSUS 
ENVIRONMENTAL CONDITIONS: 
WET BULB TEMPERATURE = 35 ;7°~  
DRY BULB TEMPERATURE = 37 .4 '~  
RELATIVE HUMIDITY = 86% 
LOG (TIME)(min) 
Figure 5 .21 .  Sinq le  Lame l l a  Relaxat ion Data 
Based on t h e  d a t a  p resen ted  i n  ~ i q u r e  5 .21,  t h e  i soch rona l  
s t r e s s - s t r a i n  curve presen ted  i n  Fiqure  5 .22  was ob t a ined .  
ONE LAMELLA-ANTERIQR CIRCUMFERENTIAL SECTION (AC) 
FROM THE A ULUS FIBROSUS 
ENVIRONMENTAL CONDITIONS : 
WET BULB TEMPERATURE = 35.2O~ 
DRY BULB TEMPERATURE = 3 7 . 4 0 ~  
RELATIVE HUMIDITY = 86% 
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STRAIN : E (%) 
F i g u r e  5 . 2 2 .  I s o c h r o n a l  S t r e s s - S t r a i n  C u r v e  
T h i s  c u r v e  s h o w s  t h a t  t h e  s t r e s s - s t r a i n  n o n l i n e a r i t i e s  a r e  
s i g n i f i c a n t .  
A t  t h i s  p o i n t  i t  is  i n t e r e s t i n s  t o  d i s c u s s  t h e  o b s e r -  
v a t i o n  t h a t  t h e  a m p l i t u d e  o f  t h e  o s c i l l a t i o n s  a t  t h e  " r e f e r e n c e  
o r  u n d e f o r m e d "  s t a t e  i s  smal ler  t h a n  t h e  a m p l i t u d e  i n  t h e  " d e f o r m e d  
o r  s t r e t c h e d "  s t a t e  ( F i g u r e  5 . 1 7 ) .  T h e  d i f f e r e n c e  i n  a m p l i t u d e  c a n  
b e  e x p l a i n e d  b y  t h e  n o n l i n e a r  s t r e s s - s t r a i n  law w h i c h  h o l d s  f o r  
t h i s  m a t e r i a l .  I n  o t h e r  w o r d s ,  f o r  c h a n q e s  i n  c o n d i t i o n s  n e a r  
t h e  r e f e r e n c e  s t a t e ,  w e  d e a l  w i t h  a n  a p p a r e n t  m o d u l u s  w h i c h  i s  
l o w  compared t o  t h e  a p p a r e n t  t a n g e n t  m o d u l u s  f o r  t h e  p r e - s t r e t c h e d  
m a t e r i a l s ,  w h i c h  i s  h i g h .  We c o n f i r m  t h i s  b y  i m p o s i n g  s m a l l  r a m p s  
i n  b o t h  t h e  r e f e r e n c e  ( i n i t i a l )  s t a t e  a n d  i n  t h e  s t ress  ( f i n a l )  
s t a t e  ( E  = 3 . 3 7 % ) .  We a p p l y  t h e s e  r a m p s  a t  t h e  l o w e s t  p o i n t  
o f  t h e  o s c i l l a t i o n s .  From t h e  o r i g i n a l  d a t a  p r e s e n t e d  i n  ~ i q u r e  
5 .17 we c a n  i m m e d i a t e l y  o b s e r v e  t h a t  t h e  modulus r a t i o  o f  t h e s e  
ramps ( 4 . 3 8 )  i s  a b o u t  t h e  same a s  t h e  a m p l i t u d e  r a t i o  ( 4 . 3 7 )  o f  
t h e s e  o s c i l l a t i o n s ,  F u r t h e r m o r e ,  t h e  s a n e  r a t i o s  were o b t a i n e d  
f rom t h e  s t r e s s - s t r a i n  c u r v e  ( F i g u r e  5 . 2 2 ) .  
F u r t h e r m o r e ,  we r e m a r k  t h a t  t h e  r e l a x a t i o n  d a t a  shown i n  
F i g u r e  5 . 2 1  c o v e r  o n l y  a n a r r o w  e x p e r i m e n t a l  t i m e  window o f  a b o u t  
t h r e e  d e c a d e s  ( 0 . 1  min  - 1 0 0  m i n )  . However ,  s i n c e  w e  w a n t  t o  c o v e r  
t h e  u s e f u l  t i m e  r a n g e  i n  which  t h e  human b o d y  o p e r a t e s  ( i - . e . ,  ~ i l -  
l i s e c o n d s  t o  a d a y  o r  m o r e ,  w h i c h  i s  a b o u t  e i g h t  d e c a d e s ) ,  r e l a x a t i o n  
d a t a  a r e  n e e d e d  f o r  a  l o n q e r  t ime window. 
I n  o r d e r  t o  c o v e r  t h e s e  time r e q u i r e m e n t s  w e  combined 
s i m i l i a r  r e s u l t s  o b t a i n e d  a t  v a r i o u s  e n v i r o n m e n t a l  c o n d i t i o n s ,  
u s i n g  t h e  f a c t  t h a t  t h e  w a t e r  c o n t e n t  i n  t h e  s p e c i m e n  shifts t h o  
r e l a x a t i o n  phenomena ( S e c t i o n  1 1 1 - 5 ) .  T h i s  s h i f t  c a n  b e  e x p r e s s e d  
b y  t h e  f o l l o w i n g  e q u a t i o n :  
which  i n d i c a t e s  a  h o r i z o n t a l  s h i f t i n g  o f  a  c u r v e  i n  t h e  l o g  (a,) 
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which  i n d i c a t e s  a h o r i z o n t a l  s h i f t i n g  o f  a c u r v e  i n  t h e  l o q  ( a c )  
v e r s u s  l o g  ( t )  p l o t  a l o n g  t h e  t i m e  a x i s .  T h i s  l e a d s  t o  a s u p e r -  
p o s i t i o n  o f  t h e  r e l a x a t i o n  d a t a  o b t a i n e d  a t  d i f f e r e n t  c o n c e n t r a t i o n s .  
Rased  o n  t h e s e  i d e a s  a n d  b y  m a k i n g  u s e  o f  t h e  d a t a  o b t a i n e d  
f r o m  t h e  o t h e r  two sets o f  r e l a x a t i o n  e x p e r i m e n t s  ( F i q u r e  5 . 2 3 ) ,  t h e  
r e l a x a t i o n  c u r v e  ( F i g .  5 . 2 4 )  was  c o n s t r u c t e d .  W e  o b s e r v e d  t h a t  
t h e  m a s t e r  c u r v e  c o v e r s  a s e c t i o n  i n  t h e  g l a s s y  r e g i o n .  The 
h o r i z o n t a l  s h i f t  f a c t o r  ( a , )  v e r s u s  t h e  a b s o l u t e  h u m i d i t y  i s  g i v e n  
i n  F i g u r e  5 .25 .  A l t h o u g h  t h e  w a t e r  c o n t e n t  o f  t h e  s p e c i m e n  was  
n o t  m e a s u r e d  f o r  e a c h  e n v i r o n m e n t a l  c o n d i t i o n  u s e d ,  t h i s  c u r v e  
s t i l l  g i v e s  some r e p r e s e n t a t i o n  o f  t h e  w a t e r  i n t e r a c t i o n  w i t h  t h e  
i n t e r n a l  r e l a x a t i o n  phenomena and i n d i c a t e s  t h e  s i g n i f i c a n t  e f f e c t *  
o f  t h e  w a t e r  i n  t h e  r e l a x a t i o n  p r o c e s s .  
I I I I I I 
RELAXATION DATA MOIST AIR ENVIRONMENT 
HUMAN INTERVERTEBRAL DISC ( L4-L5) 
SINGLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION FROM THE 
ANNULUS FIBROSUS 
ENVIRONMENTAL CONDITIONS: 
RELATIVE HUMIDITY = 
COMMENT: AREA BASED O N  WET BULB TEMPERATURE 3 5 . 2 ' ~  AND DRY BULB TEMPERATURE 37.4 'C 
F i g u r e  5 . 2 3 .  R e l a x a t i o n  D a t a  a t  V a r i o u s  E n v i r o n m e n t a l  C o n d i t i o n s  
----- 
* ~ h l s x e c t  i s  inore c l e a r l y  shown i n  t h e  f o l l o w i n g  r e l a x a t i o n  
e x p e r i a e n t s .  
RELAXATION DATA-MOIST AIR ENVIRONMENT 
HUMAN INTERVERIEBRAL DISC (LCLS) 
- SINGLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION FROM THE 
ANNULUS FIbROSUS 
ENVIRONMENIAL CONDITIONS. 
WET BULB TEMPERATURE = 36.2 'C 
DRY BULB TEMPERATURE = 38.2 t 
RELATIVE HUMIDITY = BF 
COMMENT CROSS SECTIONAL AREA MEASUREMENTS 
WERE MADE AT WET BULB TEMPERATURE 35 2 - C  
AND DRY BULB TEMPERATURE 37 4 * C  ENVIRONMENTAL 
CONDITIONS 
F i g u r e  5 .23 .  R e l a x a t i o n  D a t a  a t  V a r i o u s  E n v i r o n m e n t a l  C o n d i t i o n s  





























tOG ( t / a c )  - (min) 
I I I I I I 
REtAXATlON MASTER CURVE-MOIST AIR ENVIRONMENT 
H U W  INTERVERTEBRAL D I X  tlCL5) 
SINGLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION 
FROM THE ANNULUS FIBROSUS 
3 -  w -~ 
REFERENCE: 
E = 2.4% 
- 
- 
WET BULB TEMPERATURE = 35.2 OC 
DRY BULB TEMPERATURE = 37.4 *C 
% H20 I N  SPECIMEN = W/O 
I \ 1 1 \ \ 
-5 -4 -3 -2 - 1 0 1 
I I 
HORIZONTAL SHIFT FACTOR ( o  ) - MOIST AIR ENVIRONMENT 
HUMAN INTERVERTEBRAL Dl SC ( L4-L5) 
SINGLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION 




\ WET BULB TEMPERATURE = 35.2 OC 
\ 
\ DRY BULB TEMPERATURE = 3 7 . 4 ' ~  


















ABSOLUTE HUMIDITY (gr OF WATER/gr OF DRY AIR) 
F i g u r e  5.25. H ~ r i z ~ n t a l  S h i f t  Factcr 
c .  T r i p l e  L a m e l l a  Spec imen  i n  S a l i n e  S o l u t i o n  E n v i r o n m e n t s  
Four s e t s  o f  simple t e n s i o n  r e l a x a t i o n  e x p e r i m e n t s  h a v e  
b e e n  p e r f o r m e d  u s i n q  a  t r i p l e  l a m e l l a  s p e c i m e n .  The s p e c i n e n  was 
a p r o x i m a t e l y  o f  o r t h o g o n a l  p a r a l l e l e l e w i p e d  s h a p e  a n d  was  o b t a i n e d  
f r o m  t h e  a n t e r i o r  c i r c u m f e r e n t i a l  s e c t i o n  ( A C )  o f  t h e  a n n u l u s  
f i b r o s u s  ( F i g u r e  5 . 8 ) .  
T h e s e  e x p e r i m e n t s  h a v e  b e s n  p e r f o r m e d  i n  t h r e e  s a l i n e  
s o l u t i o n  e n v i r o n m e n t s  ( i . e . ,  6 0 ,  1 8 0  and 300 g r  NaC1/1000 cc 
0 
s o l u t i o n )  a r o u n d  38 C a n d  w i t h  t h e  s p e c i m e n  a l m o s t  i n  e q u i l i b r i u m  
o r  i n  e q u i 1 i b r i u . o  with i t s  e n v i r o n f n e n t .  F u r t h e r m o r e ,  e a c h  o f  t h e  
5 - 6 0  
se ts  was c a r r i e d  o u t  u s i n g  t h e  same q r i p p i n g  b u t  v a r y i n g  t h e  
s t r a i n s .  The r e l a x a t i o n  d a t a  and  t h e  c o r r e s p o n d i n g  e n v i r o n m e n t a l  
c o n d i t i o n s  f o r  t h e s e  e x p e r i m e n t s  a r e  p r e s e n t e d  i n  F i q u r e s  5 . 2 6 ( a ) ,  
( b ) ,  ( c )  and  ( d l .  
iiEUXATlON DATA - SALINE SOLUTION ENVIRONMENT 
HUMAN INTERVERTEBRAL DISC (144.5) 
TRIPLE WELLA - ANTERIOR CIRCUMFERENTIAL SECTION FROM 
THE ANNULUS FI6ROSUS 
ENVIRONMENTAL CONDITIONS: . 
SALINE SOLUTION: 60 gr Nc€1/1003 cc SOLUTION 
ENTIAL SECTION FROM 
THE ANNULUS FIBROSUS 
.z = 14.2%. T = 3 8 . 1 ' ~  
ENVIRONMENTAL CONDITIONS: 
SALINE SOLUTION: 60 gr NaC1 / I 0 0 0  cc SOLUTION 
1 I I 
-1 0 1 2 3 
LOG ( t )  (min)  
RELAXATION DATA - SALINE SOWTION ENVIRONMENT 
HUMAN 1NTERVERTEBRAL Dl X ( LCLS) 
TRIPLE LAMELLA-ANTERIOR CIRCUMFERENTIAL XCTlON FROM 
THE ANNULUS FIBROWS 
ENVIRONMENTAL CONDITIONS: 
SALINE SOLUTION: 180 gr N d 1  / I 0 0 0  cc SOLUTION 
NnAL SECTION FROM 
ENVIRONMENTAL CONDITIONS: 
SALINE SOLUTION 300nr NoCi/IOM) , SC)?~T~C:: 
I I I I I 
-1 0 I 2 3 
LOG (I) - (nln) 
F i g u r e  5 .26 .  R e l a x a t i o n  D a t a  f o r  V a r i o u s  S a l i n e  S o l u t i o n  E n v i r o n m e n t s  
I t  i s  immediately apparent t h a t  time and s t r a i n  e f f e c t s  can 
be separated.  This i s  s i m i l a r  t o  what was observed f o r  the  s i n g l e  
lamella  case i n  the  moist a i r  environment. Based on these  d a t a ,  the  
following isochronal  s t r e s s - s t r a i n  curves were obtained (Fiqure 5 . 2 7 ) .  
ISOCHRONAL (10 MINUTES) STRESS-STRAIN CURVES. SALINE SOLUTION 
ENVIRONMENT 








gr N K I /  
lo3 cc SOLUTION 
300 
EACH CURVE REPRESENTS A 
SEPARATE GRIPPING OF THE 
SAME SPECIMEN 
T = 38 OC 
STRAIN: E (%) 
Fiqure 5 . 2 7 .  Isochronal S t ress-St ra in  Curves 
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he o b s e r v e d  t h a t  t h e  s t r e s s - s t r a i n  c u r v e s  f o r  t h e  two e x p e r i m e n t s  
p e r f o r n e d  under  t h e  same e n v i r o n m e n t a l  c o n d i t i o n s  ( 6 0  g r  NaC1/1000 c c  
s o l u t i o n )  were s i q n i f i c a n t l y  d i f f e r e n t  ( i n  s p i t e  o f  t h e  f a c t  t h a t  t h e y  
a r e  supposed  t o  be  a l m o s t  i d e n t i c a l ) .  The d i f f e r e n c e  i s  d u e  t o  t h e  
f a c t  t h a t  f o r  e a c h  e x p e r i q e n t  a  d i f f e r e n t  g r i p p i n g  was a p p l i e d  t o  
t h e  same spec imen .  However, t h e  two c u r v e s  c o u l d  b e  supe r imposed  i f  
l a r q e  h o r i z o n t a l  and s m a l l  v e r t i c a l  s h i f t s  were a p p l i e d .  T h i s  c l e a r l y  
d e m o n s t r a t e s  t h e  i m p o r t a n c e  o f  t h e  q r i p p i n q  e r r o r ;  f u r t h e r m o r e ,  i t  
shows t h a t  t h i s  g r i p p i n g  e r r o r  i s  m a i n l y  a  s h i f t  i n  t h e  r e f e r e n c e  
s t a t e  ( a =  O , E =  0 ) .  I n  a d d i t i o n ,  t h e  s t r o n g  n o n - l i n e a r  b e h a v i o r  of 
t h e  m a t e r i a l  i s  shown i n  F i g u r e  5 . 2 7 .  Based on  t h e s e  r e l s x a t i o n  
d a t a ,  t h e  r e l a x a t i o n  m a s t e r  c u r v e *  shown i n  F i g u r e  5 . 2 8  was con-  
s t r u c t e d .  
RELAXATION MASTER CURVE 
HUMAN INTERVERTEBRAL DISC (L4-L5) 
TRIPLE LAMELLA - ANTERIOR CIRCUMFERENTIAL SECTION 
FROM THE ANNULUS FIBROSUS 
REFERENCE: 
f = 9.5% 
60 gr NoC1 /I000 SOLUTION 
T = 3 8 ' ~  
% H 2 0  I N  SPECIMEN = 82.9% 
I I I I 
- 1 0 1 2 
LOG (+lo, ) - ( m i d  
F i q u r e  5 . 2 8 .  R e l a x a t i o n  N a s t e r  Curve f o r  S a l i n e  S o l u t i o n  
E n v i r o n n e n t s  
---.-- -------- 
*The s h a o e  a n d  n o t  t h e  a b s o l u t e  v a l u e  o f  t h e  r e l a x a t i o n  c u r v e  i s  
o b t a i n e d  i n  t h i s  w ~ r k .  
We n o t i c e  t h a t  t h e  d a t a  p r e s e n t e d  by t h i s  r e l a x a t i o n  c u r v e  a r e  
i n  t h e  r u b b e r y  s t a t e .  T h i s  was e x p e c t e d  b e c a u s e  o f  t h o  l a r q e  
amount o f  w a t e r   resent i n  t h e  spec imen .  
The h o r i z o n t a l  s h i f t  f a c t o r  ( a  ) p l o t t e d  v e r s u s  t h e  g e r -  
C 
c e n t a g e  o f  w a t e r  i n  t h e  spec imen i s  p r e s e n t e d  i n  F i g u r e  5 . 2 9 .  
HORIZONTAL SHIFT FACTOR (a,) - SALINE SOLUTION ENVIRONMENT 
HUMAN INTERVERTEBRAL D I X  (L4 - L5) 
TRIPLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION FROM 
THE ANNULUS FIBROSUS 
REFERENCE: 
6 = 9.5% 
SALINE SOLUTION (60 gr NaC1/1000 cc SOLUTIONJ 
\ T = 3 8 ' ~  
% WATER (gr WATER x 100/TOTAL WEIGHT gr) 
F i g u r e  5 .29 .  H o r i z o n t a l  S h i f t  F a c t o r  f o r  S a l i n e  S o l u t i o n  
Environment  
The r e f e r e n c e  s t a t e  f o r  b o t h  t h e  m a s t e r  r e l a x a t i o n  and t h e  h o r i -  
z o n t a l  s h i f t  c u r v e s  was above  body c o n d i t i o n s *  ( 8 2 . 9 %  w a t e r  c o n t e n t ) .  
d .  T r i p l e  Lamel la  Specimen i n  Mois t  Ai r  Environment  
A s e r i e s  o f  s i m p l e  t e n s i o n  r e l a x a t i o n  e x p e r i m e n t s  were 
per formed u s i n g  t h e  same t r i p l e  l a m e l l a  spec imen a s  t h e  o n e  u s e d  
i n  ( c ) .  These  e x p e r i m e n t s  were c a r r i e d  o u t  u s i n g  t h e  same q r i p p i n g ,  
t h e  same s t r a i n  ( E =  5 . 5 % )  b u t  v a r y i n g  t h e  t e m p e r a t u r e  and h u m i d i t y  
e n v i r o n m e n t a l  c o n d i t i o n s  ( t h e  r a n g e  o f  a b s o l u t e  h u n i d i t y  c o v e r e d  
------- 
*Body c o n d i t i o n c o r r e s p o n d s  t o  a b o u t  7 0 %  w a t e r  c o n t e n t  
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was:  0 . 0 2 7 5  - 0 . 0 7 6  q r  o f  w a t e r j q r  o f  d r y  a i r ) .  I n  t h e  c o u r s e  o f  
t h a s e  e x p e r i m e n t s  m e a s u r e m e n t s  o f  t n e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  
s p e c i m e n  a s  a f u n c t i o n  o f  t h e  v a r i o u s  e n v i r o n m e n t a l  c o n d i t i o n s  
h a v e  n o t  b e e n  p e r f o r m e d .  T h i s  w a s  d o n e  i n  o r d e r  t o  m i n i m i z e  
t h e  l a r q e  e r r o r s  c a u s e d  by t h e  r e g r i p i n q  o f  t h e  s p e c i m e n .  The  
r e l a x a t i o n  d a t a  o b t a i n e d  f r o m  t h e s e  e x p e r i m e n t s  
i n  F i q u r e s  5 , 3 0 ( a )  a n d  5 . 3 0 ( b ) .  
1 I I I 
RELAXATION DATA - MOIST AIR ENVIRONMENTAL 
HUMAN INTERVERTEBRAL DISC (L4-15 ) 
TRIPLE LAMELLA-ANTERIOR CIRCUMFERENTIAL SECTION 
FROM THE ANNULUS FIBROSUS 
CURVE 
6 = 5.5% I 






O c  
LOG (TIME) - (min) 
1 1 I I 
RELAXATION DATA -MOIST AIR ENVIRONMENT 
HUMAN INTERVERTEBRAL DISC (L4- L 5 )  
TRIPLE LAMELLA - ANTERIOR CIRCUMFERENTIAL SECTION 





O c  
DRY 
BULB 
O c  
0 1 2 
LOG ( t )  - (min) 
F i g u r e  5 .30 .  R e l a x a t i o n  D a t a  f o r  a T r i p l e  L a m e l l a  Spec imen  
i n  M o i s t  A i r  E n v i r o n n e n t  
S u b s e q u e n t l y ,  w e  c o n s t r u c t e d  t h e  r e l a x a t i o n  m a s t e r  c u r v e *  
shown i n  F i q u r e  5 . 3 1  by means  o f  h o r i z o n t a l  s h i f t s  o f  t h e  r e l a x a t i o n  
d a t a  p r e s e n t e d  i n  F i q u r e s  5 . 3 0 ( a )  and  5 . 3 0 ( b ) .  
- ------.-- 
*The c r o s s - s e c t i o n a l  a r e a  o n  w h i c h  t h e  r e l a x a t i o n  m a s t e r  c u r v e  was  
b a s e d  was e s t i m a t e d  o n  the b a s i s  o f  w e i g h t ,  l e n g t h ,  a n d  w i d t h  
m e a s u r e m e n t s  o f  t h e  s p e c i ~ e n  a t  4 6 %  w a t e r  c o n t e n t  a n d  b y  a s s u m i n g  
t h a t  i t s  d e n s i t y  i s  a b o u t  1.1 qr /cm3 s i n c e  w e  know t h a t  t h e  s p e c i -  
men i s  more d e n s e  t h a n  a l l  t h e  s a l i n e  s o l u t i o n s  u s e d .  




















4 1 -  
F i q u r e  5 .31.  R e l a x a t i o n  Mas te r  Curve o f  T r i p l e  Lamella  
Specimen i n  Moi s t  A i r  Environment 
I I I I l l 1  I I I I 1 1 I ' I 
RELAXATION MASTER CURVE - MOIST AIR ENVIRONMENT 
HUMAN INTERVERTEBRAL D I X  (L4-L5) 
TRIPLE LAMELLA - ANTERIOR CIRCUMFERENTIAL 
REFERENCE : 
6 = 5.5% 
WET BULB TEMPERATURE 47.8 
DRY BULB TEMPERATURE 49.0 
1, = 3.27 cm 
A. = 0.0102 cm 2 
% H20 I N  SPECIMEN = 46% 
We o b s e r v e d  t h a t  t h e  d a t a  p r e s e n t e d  h e r e  b e l o n g  t o  t h e  
t r a n s i t i o n  r e g i o n  o f  t h e  r e l a x a t i o n  c u r v e  which s e e a s  t o  h e  r a t h e r  
b road  f o r  t h i s  m a t e r i a l .  T h e  r e f e r e n c e  s t a t e  o f  t h e  r e l a x a t i o n  
m a s t e r  c u r v e  was b a s e d  on  t h e  h i q h e s t  a b s o l u t e  h u m i d i t y  d a t a  
a v a i l a b l e  ( w e t  b u l b  t e m p e r a t u r e  = 4 7 . 8 ' ~ ~  d r y  b u l b  t e m m r a t u r e  = 
C 4 9  C and 4 5 9  water) in the speciaen which is still less than the 
70% wa te r  c o n t e n t  e n c o u n t e r e d  i n  t h e  human b o d y ' s  d i s c .  T h e r e f o r e ,  
a l l  t h e  d a t a  i n  t h i s  r e g i o n  c o r r e s p o n d  t o  t i n e s  s h o r t e r  t h a n  t h e  
o n e s  e n c o u n t e r e d  i n  t h e  normal  o p e r a t i o n  o f  t h e  human body ( i . e . ,  
s i t t i n g ,  w a l k i n g ,  j o g g i n q ) .  
In  t h e  n e x t  f i q u r e  ( F i q u r e  5 . 3 2 )  we p r e s e n t  t h e  h o r i z o n t a l  
s h i f t  f a c t o r  (a , )  p l o t t e d  v e r s u s  t h e  a b s o l u t e  h u a i d i t y  i n  t h e  e n v i r o n -  
ment .  We n o t e  t h a t  t h e  s c a t t e r i n g  ~ f  t h e  d a t a  i s  v i s u a l - i z e d  i q  t h i s  
f i g u r e  and  n o t  i n  t h e  r e l a x a t i o n  m a s t e r  c u r v e .  T h i s  f i g u r e  shows 
how t h e  a b s o l u t e  h u m i d i t y  i n  t h e  envi.ronment c o n t r o l s  t h e  r e l a x a t i o n  
p r o c e s s  o f  t h i s  m a t e r i a l .  
HOllZONTAL SMFT FACTOR (a*) - MOIST AIR ENVIRONMENT 
HUMAN INTERVERTEBRAL MSC (L4 - L51 
TRIPLE LAMELU - ANTEMOR CIRCUMFERENTIAL SECTION 




6 = 5.5% 
WET bUL8 TEMtERAlWE = 47.8 OC 
DRY W U  TEMKKATURE = 49.0 OC 
ABSOLUTE WMlDlTY (pr Of WATER/pr DRY AIR) 
Figure 5 . 3 2 .  Hor izonta l  S h i f t  Fac tor  f o r  T r i p l e  Lamella 
Specimen i n  Moist Air Environment 
A t  t h i s  p o i n t  w e  examined t h e  i m p o r t a n c e  o f  t e m p e r a t u r e  
e f f e c t s  i n  t h e  r e l a x a t i o n  b e h a v i o r  a s  compared t o  s i m i l a r  e f f e c t s  
caused  by t h e  c o n c e n t r a t i o n s .  I n  o r d e r  t o  d o  t h a t  t h e  f o l l o w i n q  
two f i g u r e s  ( F i g u r e s  5 . 3 3 ( a )  and 5 . 3 3 ( b )  a r e  ~ r e s e n t e d .  We 
o b s e r v e d  t h a t  i n  s p i t e  o f  t h e  l a r g e  s c a t t e r i n q  o f  t h e  d a t a ,  t h e  
e f f e c t  o f  m o i s t u r e  ( w e t  b u l b  t e m p e r a t u r e )  i s  more s i q n i f i c a n t  
t h a n  t h e  one  o f  t e m p e r a t u r e  ( d r y  b u l b  t e m p e r a t u r e )  . F u r t h e r m o r e ,  
since t h e  r e l axa t ion  d a t a  ( Y i q u r e s  5 , 3 0 ( a )  and 5 . 3 0 ( b )  a r e  p a r a l l e l ,  
t h e  b e h a v i o r  of  t h e  ~ s t e r i a l  c a n  b e  expressed by t h e  f o l l o w i n g  
e q u a t i o n .  
F ( t  , c )  = f ( t )  . G ( c )  
where:  
F ( t , c )  is  t h e  f o r c e  
f ( t )  i s  a  f u n c t i o n  o f  t i m e ,  and  
G ( c )  is a f u n c t i o n  o f  c o n c e n t r a t i o n  
T h i s  e m p i r i c a l  r e l a t i o n  was b a s e d  o n l y  o n  t h e  f a c t  o f  t h e  
p a r a l l e l i t y  i n  t h e  r e l a x a t i o n  d a t a  ( F i g u r e s  5 . 3 0 ( a )  and 5 . 3 0 ( b ) .  
W e  specula te  t h a t  this p a r a l l e l i t y  may be d u e  t o  t h e  r a t h e r  b road  
t r a n s i t i o n  r e g i o n  o f  t h i s  m a t e r i a l  ( F i q u r e  31 )  . The d e t e r m i n a t i o n  
o f  t h e  f u n c t i o n  G ( c )  c o u l d  n o t  be d o n e  from t h e  i s o c h r o n a l  p l o t  
p r e s e n t e d  i n  F i q u r e  5.34 b e c a u s e  o f  t h e  l a r g e  s c a t t e r i n g  o f  t h e  
d a t a .  I f  t h i s  were n o t  t h e  c a s e ,  i t  c o u l d  g i v e  a d i r e c t  e s t i m a t i o n  
o f  how t h e  a b s o l u t e  h u n i d i t y  c h a n g e s  a f f e c t e d  t h e  p r o q e r t i e s  o f  
t h e  m a t e r i a l .  Note  t h a t  t h e  same i n f o r m a t i o n  c o u l d  be o b t a i n e d  
by  a n a l y z i n g  t h e  d a t a  i n  F i q u r e s  5 .31  and 5.32.  
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F i g u r e  5.35 shows t h e  r e l a x a t i o n  d a t a  o b t a i n e d  f r o q  a s p e c i n e n  
t a k e n  from t h e  n u c l e u s  p u l w s u s .  The e x p e r i m e ~ t  was o e r f o r n e d  a t  
0 
abou t  1 4  2 t e m p e r a t u r e  and  a t  room h u n i d i t y  c o n d i t i o n s  w i t h  t h e  
speciinen n o t  i n  e q u i l i b r i u n  w i t h  i t s  e n v i r o n m e n t .  I t  was o b s e r v e d  
t h a t  t h e  m a t e r i a l  o f  t h e  n u c l e u s  was n o t  a f l u i d  b u t  a s o l i d  o f  l ow 
modulus ( r u b b e r y  r e g i o n )  . 
LOG t, min 
F i g u r e  5 .35.  R e l a x a t i o n  Data  from t h e  Nucleus  P u l p o s u s  
* N O ~ - c y l i n d r i c a l  t y p e  o f  spec imens  have  been  used  d u e  t o  g r i p p i n q  
p rob lems  e n c o u n t e r e d  o t h e r w i s e .  
7. C o n c l u s i o n s  and D i s c u s s i o n  On t h e  R-e l axa t ion  Expe r imen t s  
We have  c o n s i d e r e d  t h e  e f f e c t  o f  w a t e r  c o n t e n t  o f  t h e  hunan 
i n t e r v e r t e b r a l  d i s c  m a t e r i a l  i n  c o n n e c t i o n  t o  i t s  v i s c o e l a s t i c  
b e h a v i o r .  He have  shown t h a t  t h i s  e f f e c t  i s  s i m i l a r  t o  t h a t  o f  
t e m p e r a t u r e  an3  t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  t h e  d i s c ' s  l a m e l l a e  
v i s c o e l a s t i c  r e s p o n s e  f o r  a  wide  time r a n g e  b a s e d  o n  r e l a x a t i o n  
d a t a  f o r  a l i m i t e d  e x p e r i q e n t a l  t i m e  window. 
To d a t e ,  we have  o b t a i n e d  s e c t i o n s  o f  t h e  n a s t e r  r e l a x a t i o n  
c u r v e s  f o r :  
( a )  a  non-uniform wet spec imen from t h e  a n n u l u s  f i b r o s u s  
r e f e r r e d  t o  a n  unknown p e r c e n t  o f  w a t e r ;  
( b )  a s i n g l e  l a m e l l a  s ~ e c i m e n  r e f e r r e d  t o  a  d r y  s t a t e  o f  
abou t  4 0 %  w a t e r  ; 
( c )  a t r i p l e  l a m e l l a  spec imen r e f e r r e d  t o  a  d r y  s t a t e  
o f  a b o u t  46% w a t e r ;  
( d )  a  t r i p l e  l a m e l l a  spec imen r e f e r r e d  t o  a wet s t a t e  
o f  a b o u t  8 2 . 9 %  w a t e r .  
These  mas t e r  r e l a x a t i o n  c u r v e s  c o v e r  a  wide t i m e  r a n q e  ( i . e . ,  
4-19 d e c a d e s )  and a r e  5 a s e d  o n  r e f e r e n c e  s t a t e s  t h a t  c o r r e s p o n d  
t o  t h e  h i q h e s t  a b s o l u t e  h u m i d i t y  d a t a  a v a i l a b l e  which  a r e  l e s s  
t h a n  t h e  70% w a t e r  c o n t e n t  e n c o u n t e r e d  i n  t h e  human d i s c .  
From F i g u r e s  5 .31 and 5 .32 we c a n  o b s e r v e  t h a t  t h e  w a t e r  
i n d e e d  a f f e c t s  t h e  r e l a x a t i o n  s p e c t r u m .  T h i s  i s  shown b y  t h e  
chanqe  i n  t h e  h o r i z o n t a l  s h i f t  f a c t o r  ( a c )  and by t h e  c o r r e s p o n d i n q  
c h a n q e  i n  t h e  modulus .  
R f u r t h e r  e v i d e n c e  o f  t h e  s e n s i t i v i t y  of t h e  r e l a x a t i o n  
d a t a  t o  w a t e r  c o n t e n t  was d e m o n s t r a t e d  i n  F i q u r e  5 . 1 7 .  We c a n  
e a s i l y  o b s e r v e  t h a t  t h e  f o r c e  r e s o o n s e  o s c i l l a t i o n s  ( r a w  r e l a x a t i o n  
d a t a )  a r e  i n  p h a s e  w i t h  t h e  wet  b u l b  t e m p e r a t u r e  o s c i l l a t i o n s .  
On t h e  o t h e r  hand ,  t h e y  a r e  n o t  i n  whase w i t h  t h e  d r y  b u l b  temper-  
a t u r e  o s c i l l a t i o n s .  The s t r o n g e r  dependence  o f  t h e  r e l a x a t i o n  
s p e c t r u m  t o  h u m i d i t y  r a t h e r  t h a n  t o  t e m ? e r a t u r e  i s  a l s o  shown i n  
F i g u r e  5 .33.  
F u r t h e r m o r e ,  f rom F i q u r e  5 .21  w e  c a n  see t h a t  t h e  r e l a x a t i o n  
s p e c t r u m  d o e s  n o t  depend o n  t h e  r n a ~ n i t u d e  oE t h e  a p p l i e d  s t r a i n .  
T h i s  means t h a t  t h e  time and s t r a i n  e f f e c t s  c a n  b e  s e p a r a t e d .  The 
i m p o r t a n c e  o f  t h i s  o b s e r v a t i o n  i s  i n  t h a t  a  c o n s t i t u t i v e  e q u a t i o n  
c o n t a i n i n g  o n l y  a  s i n g l e  i n t e g r a l  may b e  more a p p r o p r i a t e  f o r  t h e  
d e s c r i p t i o n  o f  t h e  v i s c o e l a s t i c  p r o p e r t i e s  o v e r  a  s t r a i n  r a n q e  
t h a n  t h e  one  c o n t a i n i n q  m u l t i ~ l e  i n t e g r a l s .  S i m i l a r  b e h a v i o r  
h a s  been r e p o r t e d  f o r  t h e  c a s e  o f  s y n t h e t i c  p o l y m e r i c  m a t e r i a l s  
( R e f .  3 7 ) .  T h i s  b e h a v i o r  i s  a  phenomenoloqica l  d e s c r i p t i o n  and 
no e x p l a n a t i o n  i n  t h e  m o l e c u l a r  l e v e l  i s  known t o  u s  t o d a y .  
The e f f e c t  o f  w a t e r  c o n t e n t  on  t h e  v i s c o e l a s t i c  b e h a v i o r  
o f  t h e  d i s c ' s  m a t e r i a l  i s  s i g n i f i c a n t  and u s e f u l  b e c a u s e  o f  i t s  
p o s s i b l e  a p p l i c a t i o n  t o  t h e  s t u d y  o f  t h e  v i s c o e l a s t i c  b e h a v i o r  
o f  o t h e r  b i o l o q i c a l  m a t e r i a l s .  A t  p r e s e n t  t h e s e  e f f e c t s  a r e  n o t  
c o m p l e t e l y  u n d e r s t o o d ,  a l t h o u g h  t h e i r  s t u d y  s h o u l d  l z a d  t o  a  
b e t t e r  u n d e r s t a n d i n g  o f  t h e  m o l e c u l a r  p r o c e s s e s  i n v o l v e d  i n  t h e  
t i m e  d e p e n d e n t  mechan ica l  b e h a v i o r  oE b i o l o g i c a l  m a t e r i a l s .  
Based on  o u r  e x p e r i m e n t a l  d a t a  and  l i t e r a t u r e  r ev i ew 
( R e f s .  1 0  and l l ) ,  w e  c o n c l u d e  t h a t :  
The r e l a x a t i o n  m a s t e r  c u r v e s  f o r  t h e  l a m e l l a e  a n d  t h e  
n u c l e u s  a r e  s h i f t e d  r e l a t i v e  t o  e a c h  o t h e r  a l o n q  t h e  ( l o q )  t i n e  
a x i s  i n  a c c o r d a n c e  w i t h  t h e i r  water c o n t e n t  ( F i q u r e  6 . 3 ) .  T h i s  
s h i f t  i s  s i m i l a r  t o  t h e  o n e  e x n e r i e n c e d  b v  p o l y n e r s  i n  t h e  o r e s -  
e n c e  o f  s o l v e n t s .  
We e x p e c t  t h a t  t h e  m e d i c a l  s i q n i f i c a n c z  o f  t h i s  work w i l l  
be i n  t h e  f i e l d s  o f  ~ r e v e n t i v e  a n d  d i a q n o s t i c  m e d i c i n e .  
T h e  f a c t  o f  w h e t h e r  a d i s c  i s  damaqed i s  d i f f i c u l t  a t  b e s t  
a n d ,  a t  t h i s  t ime,  i n v o l v e s  i n v a s i v e  t e c h n i a u ~ s  w h i c h  a r e  n o t  f r e e  
o f  d a n q e r .  S t a r t i n y  f rom o u r  d e s i r e  t o  d e v e l o o  a n ~ n - i n v a s i v ~  
d i a q n o s t i c  t e c h n i q u e  b a s e d  on X-rav a n d  c o ~ c u t e r  a i d e d  imaye  
e n h a n c e m e n t ,  w e  became i n t e r e s t e d  i n  t h e  s t r u c t u r e  a n d  m e c h a n i c a l  
p r o p e r t i e s  o f  t h e  d i s c .  I n  t h e  n e a r  f u t u r ?  we i n t e n d  t o  7age 
X-ray d e t e c t e d  i n f o r m a t i o n  ( w a t e r  c o n t e n t ,  v e r  t i c a l  and r a d i a l -  
d i s p l a c e m e n t s )  w i t h  t h e  d i s c ' s  w a t e r  s e n s i t i v e  v i s c o e l a s t i c  m a t e r i a l  
p r o p e r t i e s .  T h i s  seems t o  b e  p o s s i 5 l e  s i n c e  m o d e r n  m e d i c a l  e q u i m e n t  
s u c h  a s  E M 1  o r  b o d v  s c a n n e r  c a n  r e c o r d  a u a n t i t a t i v e l y  ( v i a  t h e  
a b s o r p t i o n  c o e f f i c i 2 n t )  w a t e r  c o n t e n t  o f  t he  i n t e r n a l  b o d y  c o m p o n e n t s .  
I f  t h i s  i s  t r u z  t h e  d i a q n o s t i c  a n d  p r e v e n t i v e  v a l u e  o f  t h i s  t e c h n i q u e  
w i l l  b e  i n v a l u a b l e  s i n c e  t h e  m e c h a n i c a l  p e r f o r n a n c e  o f  a  d i s c  w i l l  
b e  e s t i m a t e d  i n - v i v o  . 
The F i g u r e  5.36 p r e s e n t s  a n  e x a r n ~ l e  o f  how t h e  EM1 was a b l e  
t o  v i s u a l i z e  s s e c t i o n  o f  t h e  a u t h o r ' s  L d - L 5  lu-nbar i n t e r v e r t e b r a l .  
Figure  5.36. Example o f  a  S e c t i o n  o f  an L4-L5 Disc  Obtained 
v i a  EM1 ( In-Vivo) 
The impor tance  o f  t h i s  and r e l a t e d  f u t u r e  work w i l l  be  
i n  i d e n t i f y i n g  which p e o p l e  would b e  more p rone  t o  d e v e l o p  d i s c  
problems.  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  s c r e e n i n g  p e o p l e  
f o r  s p e c i a l  t y p e s  o f  j o b s  ( i . e . ,  heavy l a b o r ,  combat d u t y  i n  
t h e  armed f o r c e s ,  e t c  . )  . T h i s  w i l l  be done by combining knowl- 
edge o f  t h e  mechanica l  p r o p e r t i e s  o f  t h e  d i s c  and i t s  in-vivo 
water c o n t e n t  measurements.  T h e r e f o r e ,  c e r t a i n  p r o p h y l a c t i c  
r e s t r i c t i o n s  may be  e s t a b l i s h e d  s o  t h e  danger  o f  f u r t h e r  damage 
of  a  d i s c  w i l l  be  reduced.  Needless  t o  s a y ,  t h e r e  i s  no t e c h n i q u e  
a v a i l a b l e  t o d a y  which can  p r o v i d e  t h i s  k ind  o f  i n f o r m a t i o n .  
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APPENDIX A 
EXPERIMENTFL DETERMINATIOPI  OF MODULI 
A .  Creep  Expe r imen t s  
where t h e  comwliance m a t r i x  { K f ~ r  t h e  c a s e  o f  t r a n s v e r s e l y  
i s o t r o p i c  m a t e r i a l s  i s  g i v e n  b y :  
Experiment  1: Specimen p u l l e d  along t h e  d i r e c t i o n  o f  t h e  f i b e r s .  
-- 
FIBER 
In this case 
and 
using these relations, equation (A-1) reduces to 
from which K 11, K12 and K13 can be determined. 




Again using the relations (A-5), equation (A-1) reduces to: 
from which K and K can be determined. Obviously the values 13 33 
for K~~ obtained by the two experiments should agree. 
Therefore, Kll, K12, K13 and K33 can be determined in terms of 
the known stresses oll and 033 and the strains ell, E 22, E ~ ~ .  
We hope to be able to determine these strains by means of an 
optical obscurator shown in the figure below. 
LIGHT SOURCE SHADE 
COLLIMATOR 
LIGHT BEAM 
PHOTO MULTIPLIER TUBE 
B. Relaxation Shear Experiment 
Consider the disc specimen in figure below 
FIBER 
subjected to the excitation: 
~ . . ( t )  = 0 for i+j 
1 3  
0 where h(t) = heavy side unit step function, ~,,(t) = strain 
JL. 
amplitude applied at time t = 0 .  Then, using relations (B-1) 
equations (2) and (6) of Section 111-5, reduce to: 
In this equation E~~ is given and a (t) is the response that must 3 2  
be measured. 
APPENDIX R 
MEANING O F  THE VARIOUS REGIONS I N  F I G U R E  5 .I7 
R E G I O N  
IDENTIFIER DESCRIPTION 
Force cyc l inq  du?  t o  temperature  
v a r i a t i o n s  ( Force Scale  1 0 )  
(Time Sca l e  7 . 5  crn = 100 min) 
R Sane a s  A (Force  Sca l e  1) 
Pu l l  ramp a t  0.02"/min (Fo rce  
Sca le  1) 
( T i m  Sca l e :  3 .75 cm = 1 r n i n )  
Here by  s t e p s  we r e tu rned  t h e  c r o s s  
head t o  t h e  same r e f e r e n c e  s t a t e  a s  
A .  R e t u r n r a m D s r J . 0 2 " / m i n ( i . e .  
s t r a i n  r a t e  = 0.024"/nin) 
Force and Time Sca l e  t h e  sane  a s  C .  
Force cyc l ing  due t o  temperature  
v a r i a t i o n s  ( Force Sca le  1 0 )  
Tim2 Sca l e  t h e  same a s  A .  
After  1 hour o f  r e l a x a t i o n ,  
c y c l i n q  a s  i n  E wi th  Force Sca l e  20. 
P u l l  r a m D  a t  5"/min ( i . e . ,  s t r a i n  
r a t e  6.02"/min).  Force Sca l e  20. 
Time Sca l e  t h e  same a s  C .  
Re laxa t ion  (Force  and Time S c a l e  
t h e  same a s  G )  A R  = O.O28", E =  3 . 3  % 
Relaxat ion (Force  Scale 10,  Time 
S c a l e  t h e  same a s  A )  
Relaxa t ion  from which a f o r c e  was 
subs t ruc t ed  t o  i n c r e a s e  s e n s i t i v i t y  
o f  c y c l e s .  (Fo rce  Sca le  2 ,  Time Sca le  
t h e  same a s  I . )  
A P P E N D I X  B ( c o n t i n u e d )  
REGION 
IDENTIFIER DESCRIPTION 
R e t u r n  p u l l  a t  0 .02" /min  ( i . e . ,  
s t r a i n  r a t e  = 0 . 0 2 4 " / m i n ) .  F o r c e  
S c a l e  2 .  T i m e  S c a l e  t h e  same a s  C .  
T e m p e r a t u r e s  f o r  w e t  a n d  d r y  b u l b s  
r e c o r d e d  d u r i n q  t h e  t i m - 2  i n t e r v a l s  
R a n d  I .  
Note  t h e  c o r r e s p o n d e n c e  b e t w e e n  t h e  p o i n t  "0 "  i n  b o t h  f i g u r e s  
( t h e  o s c i l l a t i o n s  i n  b o t h ,  r e l a x a t i o n  and h u g i d i t y  c u r v e s  a r e  
i n  p h a s e ) .  
